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Abstract	  
In response to the increased use of hydraulic fracturing in the US the extraction of natural 
gas has drastically expanded in the last decade. This has sparked controversy surrounding the 
potential environmental impacts of this industry on groundwater and surface water quality. This 
honors thesis explores the potential sources for water contamination through a review of the 
existing literature. The findings suggest that water may become contaminated from stray gas 
migration, surface spills, wastewater treatment, and improperly sealed well casings. The 
fundamental problem surrounding this controversial issue is the lack of baseline water quality 
data. The second aspect of this thesis is to establish a water quality baseline for the North Fork 
Valley in Delta County, Colorado where there is proposed oil and gas drilling. My hypothesis is 
that the aquifers are not interacting with oil and gas bearing formations. I collected samples in 
September of 2014 following the protocol outlined by the Colorado Water and Energy Research 
Center (CWERC), and tested for 26 different analytes. These results were then compared to 
historical data collected in the area by the Colorado Oil and Gas Conservation Commission 
(COGCC), the Western Slope Conservation Center (WSCC), and a previous test done by one 
well owner. The baseline represents a summary of forty groundwater samples, eleven springs, 
and twenty-nine surface water samples.  	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Preface	  
Water is our most precious resource; without it, there is no life. The notion of it being 
threatened is daunting. I became interested in this topic after hearing many mixed messages in 
the media about hydraulic fracturing, or “fracking”, as a means to obtain natural gas and the 
issues surrounding water. This topic has the general population divided. One side claims that it 
contaminates groundwater, which has spurred documentaries, protests, and many cities in 
Colorado petitioning to ban it. The other side of the debate claims that fracking is completely 
safe, and economically important, and could serve as a transition fuel on a path to renewable 
energy sources. I was intrigued to look deeper into this controversial topic for myself.  I found 
that there is a critical need for further research in many areas surrounding this topic, but the main 
issue is the need for baseline groundwater quality data, before natural gas development occurs. 
Thus, with the help and support of Katya Hafich, of the Colorado Water and Energy Research 
Center (CWERC), and the amazing members of the Western Slope Conservation Center 
(WSCC), this project was born. 	  
 The people from CWERC and WSCC organized the entire project, including: outreach to 
the community and energy companies, selection of the sampling sites, providing the funds for 
analysis, and gathering some lovely volunteers. Together we set out to collect samples 
throughout the North Fork of the Gunnison River Valley. Once the sampling fun was over, my 
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thesis grew with the encouragement, support, and guidance of my three advisors, Mark Williams, 
Dale Miller, and Shemin Ge. As well as, the continued love, encouragement, and tolerance from 
my family and friends throughout every aspect of this project. Without all of these invaluable 
people, my thesis would not be possible.	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Introduction	  
This document presents results from my literature review on the potential risks for 
unconventional energy extraction, and the general parameters of water quality found in the North 
Fork Valley in hopes of establishing a baseline. The document will feature a description of the 
study site, methods used for collecting the water samples, historical data, and the statistical 
analysis of the data. This will be followed by a discussion of the various water quality 
parameters, compared to the National Primary and Secondary Drinking Water Standards set by 
the EPA and levels enforced by the Colorado Department of Public Health and Environment 
(CDPHE). Finally, the document will conclude with a summary of baseline water quality data, 
and recommendations for further research. My hypothesis is that the groundwater is not currently 
interacting with oil and gas bearing formations. This document is an honors thesis, aimed 
towards an audience of my collegiate peers and professors. 	  
The main goal of this project is to establish a baseline of the water quality of the North 
Fork Valley watershed located in Delta County, Colorado. This will be accomplished by 
comparing water samples collected in September of 2014 to previously collected water samples 
in the same area, beginning in June of 2000. The Colorado Oil and Gas Conservation 
Commission (COGCC), the WSCC, and one well owner collected the previous samples. These 
samples were not collected every year and were not always tested for the same suit of analytes 
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looked at in 2014; however, they provide a few snapshots over a 15-year time span creating the 
best possible picture of the water quality in the area. In order to establish a baseline of water 
quality information, the concentrations of each analyte will be averaged overall, and then 
averaged separately for each source of water: groundwater, springs, and surface water. The 
average values and standard deviation will help illustrate the typical range of values seen 
throughout the basin. Then, an ANOVA t-test will look for any significant differences between 
the different types of water. It will be important to note similarities and differences that currently 
exist within the watershed. Finally, each analyte will be compared to well depth to assess if any 
outlying values are explained by this variable. 	  
This baseline has become a necessity, in response to recent concerns regarding the 
increase of gas and oil extraction from unconventional formations. This extraction is conducted 
using the techniques of horizontal drilling and hydraulic fracturing. These techniques have 
opened the door to a wider range of available resources to the US and the world market. The 
second aspect of this document is to conduct a literature review, in order to examine the potential 
environmental consequences of increased energy development using these techniques. While the 
use of natural gas has many benefits, there are also some potential concerns to keep in mind.	  
One major social and environmental concern is the potential for groundwater 
contamination. This could happen if fracturing fluids, formation waters, or stray gases migrate 
into freshwater aquifers. There have been many claims of groundwater contamination in regards 
to energy extraction that remain unproven because there was no baseline established before 
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energy extraction had begun. Without the comparison of water quality before and after drilling, it 
is difficult to say whether the drilling activity has contaminated the water. Water quality can be 
impacted naturally by local geology and existing hydrologic communication between formations, 
or unnaturally by various human activities, including oil and gas development. This makes it 
difficult to pin point the cause as energy development without being able to prove a change has 
occurred due to human activity.  In response to proposed energy development in the North Fork 
Valley, it is necessary to establish a summary of the current water quality. There is a limitation in 
this study where oil and gas development has already been established in Gunnison County, so it 
will not truly be baseline in this area. This baseline will equip the citizens of Delta County with 
the tools to monitor their water quality for any potential changes over time. 	  
Site Description	  
	  
Above is a snapshot of the North Fork Valley; this photo was taken in Paonia during my sampling trip. 	  
This study took place in western Colorado in an area known as the North Fork of the 
Gunnison River Valley. The samples I collected in September 2014 were focused in the cities of 
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Paonia, Hotchkiss, and Somerset. These cities span an area that includes Delta County, and a 
small part of Gunnison County seen below in Figure 1. Historically, the important economic 
activities in these counties include agriculture and mining, which may change in the future with 
proposed drilling operations. 	  
The structural basins in the area are the Gunnison River Basin and the southern section of 
the Piceance Basin. The local geology in these basins can influence the amount of water 
available, as well as the quality of water. The main water source in the Gunnison River Basin is 
surface water, but it also contains alluvial groundwater aquifers (Topper et al. 2003). These 
alluvial areas can be seen in the surface geology with the yellow and orange areas in Figure 1. 
According to a study that reviewed multiple groundwater reports in the area, this location 
contains many geologic units with high permeability, and transmissive fracture zones that could 
contain water that are found throughout the watershed. These are discussed in more depth, in 
Table 1. The Mancos Shale formation, the darker turquoise color in the center of the watershed 
(Figure 1), has been associated with high selenium concentrations. This metal can dissolve into 
surface waters, and increase in concentration due to evaporation. This is a potential problem in 
the Gunnison River Basin, which could cause concentrations to increase passed the national 
maximum contaminant level (MCL) of 5 µg/L (Colorado Geological Survey, 2000).	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Figure 1: This is a map of the study area including the local surface geologic units. A key and description 
of each geologic unit is listed in Table 1. The map was obtained from the United States Geological 
Survey website: http://mrdata.usgs.gov/sgmc/co.html. Delta County is to the left of the gray line, and 
Gunnison is to the right.	  	  
Table 1: This table contains descriptions of the geologic formations present in the area of interest. The 
information listed below was found using the general descriptions from the USGS associated with the 
map above (1), as well as a study done by Kolm and van der Heijde in the North Fork Valley in 2013 (2).	  
Unit Name & 
Age	  
Lithology	   Description	   Water Implications	  
Glacial Drift 
	  
Primary: 
Glacial Drift	   Rock material transported by glaciers and deposited 
directly by ice, or by 
Has high-matrix permeability, high 
storativity, and could be a good local 
phreatic aquifer, which would likely be 
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Quaternary	  
running water emanating 
from a glacier1. 
Heterogeneous and poorly 
sorted2.	  
associated with a highly fluctuating water 
table2. None of the samples used in this 
paper were collected in an area with the 
glacial drift formation.	  
Landslide 
Deposits
	  
Quaternary	  
Primary: 
Landslide	  
Secondary: 
Talus	  
Landslide deposits generally 
includes talus, rock-glacier, 
and thick colluvial deposits. 
Mass-movement of soil and 
rock material that is 
transported downslope, 
under gravitational 
influence1. It contains rock 
debris, mixed sand/clay, and 
loose gravel2.	  
These deposits can have a high 
permeability and high storativity making 
it a good local phreatic aquifer, which 
would likely be associated with a highly 
fluctuating water table2. This study 
collected spring, surface water, and 
groundwater samples in this geologic 
unit.	  
Wasatch 
Formation
 
(including 
Fort Union 
equivalent at 
base) and 
Ohio Creek 
Formation	  
Tertiary	  
Primary: 
Mudstone	  
Secondary: 
Sandstone	  
This formation contains 
claystone, mudstone, 
sandstone, and 
conglomerate. Mudstone is 
a term is used when 
amounts of clay sized and 
silt sized particles are not 
known1. Has overbank 
shales and sandstones, and 
channel sandstones2.	  
	  
The overbank sandstone would have 
moderate permeability due to fractures, 
but the siltstone and shale would likely be 
confining layers with low permeability, 
which could result in a large depth to 
water. Near the base of this formation 
there is lignite2, a soft coal with plant 
traces. There are groundwater samples 
taken in this area.	  
Mesaverde 
Formation, 
undivided 
	  
Cretaceous	  
Primary: 
Sandstone	  
Secondary: 
Shale	  
This unit generally contains 
interbedded composition of 
shale and coal, which can 
create confining layers; as 
well as siltstone and 
sandstone that contain 
moderate fractures2.	  
This formation is a good bedrock aquifer 
system with a mix of layers having 
moderate and low permeability and 
storativity, and would be associated with 
a large depth to water2. The samples 
collected within this formation area are 
mostly groundwater and a few taken from 
surface waters.	  
Mancos 
Shale 
	  
Primary: Shale	  
Secondary: 
Sandstone	  
Sandy to silty shale 
containing beds of 
sandstone and even 
limestone2. Limestone is 
mainly composed of 
Most of the formation has very low 
permeability and storativity, which 
creates a confining layer that separates 
underlying aquifers. However, there are 
areas that could have moderately 
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Cretaceous	  
calcium carbonate or 
dolomite, and is generally 
made from marine 
organisms. The Mancos 
shale formation is deposited 
from a life-rich marine 
environment (Sares et al. 
2000).	  
permeable sand beds that could produce a 
moderate aquifer, or high fractures that 
would be associated with a fluctuating 
depth to water2.  The Mancos shale is 
associated with high selenium 
concentrations in streams (Sares et al. 
2000). Groundwater and surface water 
samples were taken in areas that contain 
this formation on the surface.	  
Older 
gravels and 
alluviums 
	  
Quaternary	  
Primary: 
Gravel	  
Secondary: 
Alluvium	  
Gravel is a loose 
accumulation of rock 
fragments of rounded 
pebbles and small stones1. 
Alluvium is a general term 
for unconsolidated material 
that has been deposited by a 
lotic water systems1. They 
consist mainly in the 
floodplain of major stream 
channels where silt and 
gravel have been deposited2.	  
These areas are considered to be good 
aquifers with small depth to water. They 
have mixed but generally high 
permeability that exists primarily nearby 
steams2.  A large number of groundwater 
samples were collected within this unit, 
and many had shallow well depths.	  
Modern 
Alluvium	  
Quaternary	  
Primary: 
Alluvium	   Modern alluvium is also poorly sorted sand, gravel, 
pebbles, sand, and silt 
deposited by lotic water 
systems2. This formation 
includes the Piney Creek 
Alluvium and younger 
deposits1. This formation is 
present in terraces above the 
North Fork2.	  
Generally produces a continuous aquifer 
with high permeability and storativity 
that would likely have highly fluctuating 
depth to water2. This formation is present 
along the current channel of the North 
Fork of the Gunnison River where some 
surface water samples were taken for this 
study.	  
Middle 
Tertiary 
Intrusive 
Rocks	  
Tertiary	  
Primary: 
Plutonic Rock	   This formation is an igneous rock with a medium to 
coarse-grained texture, and 
it was formed at depth by 
the crystallization of magma 
or chemical alteration1. It 
has a felsic composition of 
granodiorite and quartz 
monzonite2.	  
Since this formation has a very low 
permeability and low storativity even 
when fractured it is not an aquifer, but 
may have some local water where 
fractured2. Instead this is likely to form a 
dike or sill. No samples for this study 
were taken within this formation area.	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 The two types of aquifers that are present within the watershed are alluvial aquifers that 
are associated with the Gunnison River Basin, as well as multiple sedimentary bedrock aquifers 
found in the southern Piceance Basin. These alluvial deposits occur along river systems, and the 
well depths within the aquifer range from 14-265’ with an average of 60’ (Ackerman and Brooks 
1986; Topper et al. 2003). This is similar to the range seen in the wells that I sampled of 30 – 
170’, and an average depth of 94’. These saturated alluvial deposits are common examples of 
unconfined aquifers (Topper et al. 2002). Unconfined aquifers are more susceptible to human 
influences because they are recharged by infiltration from the surface. According to previous 
studies and the Colorado Geological Survey, the water quality in these alluvial aquifers generally 
have a strong calcium bicarbonate (Ca(HCO3)2) signature, and can be subject to human impacts 
including increased levels of nutrients and compounds from pesticide and fertilizer leaching 
(Ackerman and Brooks 1986; Topper et al. 2003). Since the aquifers in the area are more 
vulnerable, they are also at risk for contamination in the event of a surface spill due to oil and gas 
activities discussed in depth later.	  
 The distribution of samples collected throughout the Valley can be seen in Figures 2 and 
3 below. The samples are color coded to show the distribution of the different water types 
sampled throughout the study to include: groundwater (red), springs (green), and surface water 
(yellow). All together this baseline data set contains 40 groundwater, 11 spring, and 29 surface 
water samples for the North Fork Valley.	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Figure 2: Shows the surface geologic units shown in Figure 1, with the overlapping sample sites. This 
map was produced using Google Earth. 
 	  
Figure 3: This map shows the distribution of samples used in order to establish the baseline. The green 
outline shows the border of Delta County, with a few samples to the right in Gunnison County. This map 
was created using Google Earth.	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Figure 4: This map shows the location of Delta County, in red, within the state of Colorado (Benbennick 
2006). Gunnison County is located directly to the right of the emphasized county. 	  
Background 	  
There are two types of natural gas extraction known as “conventional” and 
“unconventional.” The first is obtained by drilling into a pocket of trapped gas, which flows out 
to the surface easily; however, deposits where natural gas can be extracted conventionally have 
been quickly depleted due to relative ease of obtaining them, and high energy demands (Howarth 
2012). These sources are generally found within porous, permeable sedimentary rocks like 
sandstone, and fissured limestone and dolomite where oil, water, and gas collect in areas 
confined above and below by impermeable rock formations (Natural Gas 2015). Conversely, 
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unconventional natural gas is harder to obtain because it is held inside low permeability 
sedimentary rocks, such as shale, coal seams, and some sandstones (Howarth 2012). The gas 
either exists in pore spaces, fractures, or adsorbed on to the matrix so it is much more difficult to 
extract than conventional sources (Natural Gas 2015). These sources can now be accessed by the 
techniques of horizontal drilling and hydraulic fracturing. Horizontal drilling allows the borehole 
to follow the formation where the gas is tightly held, and hydraulic fracturing forces fluids into 
the well until extreme pressure is generated eventually causing the deep, gas bearing formation 
to fracture (King 2012; Heymann 2012; Howarth 2012). Fracturing fluids are a mixture of water, 
sand, and various chemicals. The chemicals aid in the extraction process, while the sand holds 
the fractures open and allows the gas, trapped in small pores, to flow up to the surface where it 
can be collected and transported for energy needs (Rozell and Reaven 2012). These technologies 
have been experimented with since the 1950’s and have increased in use as they became more 
economically viable, and have now been used to fracture over 1 million wells in the US (King 
2012; Heymann 2012). 	  
Recently, there have been conflicting messages surrounding the increased natural gas 
development within the US in the media. With the advancement of extraction technologies like 
hydraulic fracturing and horizontal drilling, we are now able to access previously uneconomical 
sources of unconventional natural gas. Natural gas has many benefits, including a high usable 
heat output, lower carbon emissions and less noxious materials compared to coal and 
conventional oil, which makes it a viable transition fuel to move away from fossil fuels to 
renewable energy (Howarth 2012; Heymann 2012; Vidic et al. 2013). Additional benefits of the 
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natural gas industry are job creation, a reliable domestic energy source, and a way to reduce 
carbon dioxide emissions (Wang et al. 2014). The reduction of carbon dioxide emissions is an 
important step towards reducing the amount of greenhouse gases (GHGs) in the atmosphere that 
are contributing to climate change. Although, new research shows that leaks of methane from 
fracking operations cancel out the GHG benefits of natural gas as a cleaner burning fuel (Jackson 
et al. 2014; McLeod et al. 2014). These benefits are important to keep in mind; however, there 
are also rising public concerns around the potential negative environmental and human health 
impacts.	  
One of these concerns centers on water. There are large amounts of water used 
throughout the drilling and extraction processes, and there is potential for various aspects of the 
drilling operations to degrade the surface and groundwater quality (Cooley and Donnelly 2014).  
In the United States, 50% of the general population and 95% of the population in rural areas, rely 
on groundwater as their drinking water source, and the concerns surrounding the potential 
degradation water quality are increasingly important as unconventional energy extraction 
expands across the country (Bortman 2003; Anderson 2003). The communities that live in the 
North Fork Valley of the Gunnison River not only depend on the groundwater for their drinking 
water and household needs, but also for their livelihoods. This area has had an agricultural 
heritage for over 100 years, and now it has the largest number of organic and sustainable farms 
and ranches in the state (CHC 2015). Thus, it is easy to see why the people would be concerned 
about the quality their water resources. This concern resulted in the creation of the non-profit, 
Citizens for a Healthy Community (CHC). The CHC is a grassroots organization, which was 
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started in 2009 by a group of concerned residents in Delta County, CO. Their mission is to 
spread awareness of the proposed drilling in the area, and protect the area from oil and gas 
development through legislative action (CHC 2015). The establishment of a water quality 
baseline could help ease some of the citizen’s concerns regarding the potential energy 
development.	  
Good water quality is based on taste, smell, color, and the lack of pathogenic organisms 
or harmful contaminants (Sullivan 2004). Limits for these potential contaminants were set into 
motion by the Safe Water Drinking Act (SWDA) of 1974, where maximum contaminant level 
goals (MCLG), and maximum contaminant levels (MCL) are set for each substance (Randtke 
and Ford-Martin 2003). The MCLGs are set to a level at which the substance could be consumed 
over a long period of time without adverse effects, while MCLs are defined as the maximum 
permissible level of a contaminant within drinking water (Sullivan 2004). These MCLs are 
enforced through the EPA National Primary Drinking Water Regulations (NPDWR) in order to 
protect public health against carcinogenic chemicals, reactive compounds, and disease-causing 
microorganisms; as well as, National Secondary Drinking Water Regulations (NSDWR) to 
protect the aesthetic and economic qualities of the water, which are suggested but not always 
required (Randtke and Ford-Martin 2003). 	  
20	  	  
Literature Review	  
There are many benefits associated with energy production from natural gas, and 
concerns regarding the potential for air and water quality degradation. This literature review will 
cover potential for groundwater contamination from stray gas migration, surface spills and 
wastewater treatment, and improperly sealed well casings.	  
Since natural gas is mostly made up of methane, there is some that escapes during the 
completion of the well. Methane (CH4) is a known greenhouse gas that has a shorter residence 
time in the atmosphere, but a higher warming potential than carbon dioxide. Thus, even if there 
are lower carbon dioxide emissions when the fuel is burned, there are still GHG emissions 
associated with the drilling and completion process. This raises the speculation of whether or not 
unconventional gas actually has a smaller GHG footprint compared to other fossil fuels like coal 
(Howarth 2012); this speculation is supported by recent studies (Jackson et al. 2014; McLeod et 
al. 2014). There are even some areas that have restricted shale gas exploration due to high 
methane emissions (Heymann 2012), which is likely due to the fact that methane is an explosion 
hazard once concentrations reach 10 mg/L (Kroepsch and Williams 2014). Not only is methane a 
concern for air quality, but there is also the potential for migration of stray gas into groundwater.	  
There are a few studies on the gas migration of methane into groundwater, which present 
conflicting theories, since methane can be naturally occurring from two different sources. 
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Biogenic methane is created from anaerobic bacterial decomposition of organic material at 
shallow depths and low temperatures. Thermogenic methane is associated with deep formations 
under high pressure, and high temperatures (King 2012; Osborn et al. 2011). Thermogenic 
methane could be naturally occurring in groundwater as a seep from a deeper formation that has 
been connected over millions of years (King 2012). The presence of thermogenic gas is more 
common where coal and shale interact with groundwater. However, many debate on the 
likelihood of thermogenic methane migration due to energy development (Davies 2011; Jackson 
et al. 2011; Holzman 2011; Jackson et al. 2013; Li and Carlson 2014; Osborn et al. 2011; Schon 
2011; Vidic et al. 2013; Wang et al. 2014).	  
Most studies look at the carbon and hydrogen isotopes of methane when trying to 
determine if the source is biogenic or thermogenic since both have a unique isotopic signature. 
Osborn et al. (2011) found higher methane concentrations in drinking-water wells within 1 km of 
active natural gas wells, with an isotopic signature generally associated with thermogenic 
methane. This study also found smaller concentrations of methane with an isotopic signature of 
biogenic or mixed sources in areas where there were no natural gas wells within 1 km of 
drinking-water wells (Osborn et al. 2011). This study suggests that the sources of thermogenic 
methane may be associated with natural gas development in the Marcellus and Utica shale 
formations in Pennsylvania and New York. In addition, another study in the same area found that 
methane was present in 82% of 141 drinking water wells (Jackson et al. 2013). In this study 
drinking-water wells within 1 km of natural gas wells had average methane concentrations that 
were six times higher than drinking-water water wells without natural gas wells within 1 km, and 
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the methane had isotopic signatures associated with a thermogenic source (Jackson et al. 2013). 
This study also suggests the possibility of stray gas migration into the groundwater that may be 
associated with natural gas development. One study surrounding the energy development in the 
Piceance Basin of northwestern Colorado looked at the different ages of groundwater and the 
potential for them to mix within the aquifer to determine whether age distributions may help 
identify the potential sources of methane (McMahon et al. 2013). The methane in one area was 
determined to be thermogenic with a δ13C composition similar to natural gas previously 
produced in a abandoned gas well nearby, which they predicted is likely the source of methane in 
the aquifer (McMahon et al. 2013). 	  
Other studies disagree, claiming that the migration of methane due to hydraulic fracturing 
is extremely unlikely; that the migration is known to happen naturally, and it is not exacerbated 
by gas development (King et al. 2011; King 2012; Schon 2011; Davies 2011). For instance, a 
study in the Wattenberg oil and gas field in northeastern Colorado found methane in 78% of the 
groundwater wells sampled with concentrations that ranged from 0 – 37.1 mg/L, with an average 
of 4 mg/L (Li and Carlson 2014). Even though these values are high, the study found that over 
95% of this methane originated from a microbial, or biogenic source. This suggests that the 
methane presence in the groundwater is not likely to be the result of oil and gas development. 
However, a study by McMahon et al. (2013) found that biogenic methane could also be an 
indication of a connection with a deeper formation, since many older wells do not have casing at 
intermediate depths where biogenic gas accumulation could be present. This suggests that 
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hydraulic fracturing could propagate fractures that connect with older wells that are improperly 
sealed, allowing a pathway for gas migration into the aquifer. 	  
The main issue between these contrasting results is the lack of baseline water quality data 
before drilling, making it almost impossible to distinguish between natural migration and drilling 
induced migration for each area (Vidic et al. 2013; Cooley and Donnelly 2014). Without 
categorizing the isotopic signature of the naturally occurring methane before oil and gas 
development, it is hard to prove contamination solely based on whether methane is biogenic or 
thermogenic. This information is important in order to understand the interactions present within 
the aquifer, and monitor changes unique to each area after natural gas development occurs. 	  
If a change in water quality is seen after natural gas development it may be associated 
with improperly sealed well casings. If the casing is not sealed correctly it can become an avenue 
for stray gas or fluid migration into the aquifer. The occurrence of improperly sealed wells can 
happen with traditional extraction methods as well as in hydraulically fractured wells (King et al. 
2011), which can be an issue for active and inactive wells. If the wellbore is not sealed and cased 
properly in active wells, chemicals and natural gas flowing to the surface could escape and 
migrate into the air or groundwater (Cooley and Donnelly 2014). These properly sealed casings 
are also important for abandoned wells in order to ensure the protection of groundwater 
(Anderson 2003). As stated above, many older wells do not have a casing that extends into 
intermediate depths and improperly sealed boreholes could be an important conduit for fluid 
migration, and a potential source of methane into an aquifer (McMahon et al. 2013). This 
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problem could allow potential communication between deep hydrocarbon-bearing zones and 
groundwater, leading to possible contamination of the aquifer with hydrocarbons and fracturing 
fluids (King et al. 2011). 	  
A faulty seal has been found to be the most common problem associated with well 
construction, but the percentage is generally low effecting only 1-3% of oil and gas wells (Vidic 
et al. 2013). This low number indicates that most wells are safely sealed. The seal is generally 
long-lived and effective; however, with over 1 million wells in the US being hydraulically 
fractured, this small percentage of faulty casings could still have a substantial impact on 
groundwater quality if a migration pathway is created. Problems with the casing usually stem 
from poor placement steps, off center casing string, or migration of gas through the cement as it 
sets creating bubbles or continuous channels (King 2012). These problems could lead to 
continuous pathways for gas, produced water, or fracturing fluids to move from the gas well into 
the surrounding aquifer. Even though the cement casings are generally safe, it is important to 
keep this in mind when looking at possible avenues of groundwater contamination. 	  
Another issue associated with this energy industry is the extremely high amounts of water 
used during the drilling process and in the production of fracturing fluids. The fracturing fluids 
are composed of about 90% water, 9.5% sand, and the remaining 0.5% is a mixture of chemicals. 
Each energy company has its own recipe for the fracturing fluids, and many keep this recipe a 
secret. This mixture could include a variety of substances with more than 750 different chemicals 
to choose from, which range from benign to toxic and carcinogenic, in order to aid in the gas 
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extraction process (Rozell and Reaven 2012). The fluids are pumped into the wellbore at 
immense pressure until fractures are induced within the formation. After the formation fractures, 
flowback or produced water is created when a mixture of fracturing fluids and natural fluids 
from the formation flow back to the surface (Vengosh et al. 2014). Any fracturing fluid that does 
not resurface remains underground so it is important to note any potential transport pathways that 
may lead to communication with groundwater (Vidic et al. 2013). The containment and 
treatment of this wastewater is another area for concern. There is potential for surface and 
groundwater contamination due to wastewater spills or improper wastewater treatment and 
release (Rozell and Reaven 2012).	  
Typically, the wastewater is stored in containment or retention ponds near the well pad, 
because most municipalities are not equipped to treat this level of contamination (Ferrar et al. 
2013). These containment ponds may have implications for air quality, since volatile organic 
compounds (VOCs), often mixed with the fluids, can escape to the atmosphere in this type of 
storage (Shonkoff et al. 2014). Colborn et al. (2011) found that the chemicals present within the 
containment ponds are correlated with health impacts that range from skin irritation to cancer 
and endocrine disruption. This study suspects there could be many long-term health effects 
associated with fracturing fluids and wastewater that are not currently being expressed. Gross et 
al. (2013) found that there were 77 reported surface spills in one year, related to hydraulic 
fracturing activities in Weld County, CO that had impacts on groundwater quality, where 
measurements of BTEX exceeded MCLs set by the EPA. Actions were taken to remediate the 
area, and they were successful at reducing BTEX levels in 84% of the spills in ten months (Gross 
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et al. 2013). BTEX is a term encompassing four VOCs including benzene, toluene, ethylbenzene, 
and xylene that have negative health impacts for kidney, liver, and nervous systems as well as, 
associated cancer risk. Each one is explained in greater detail in the discussion section of this 
paper. Since these clean up processes can be fairly slow, these spills could increase the potential 
for negative environmental and human health impacts associated with oil and gas development.	  
 Retention ponds are also susceptible to natural disasters, like flooding. For example, the 
recent flood in Colorado resulted in 17 releases of produced water, and 13 releases of oil (Adgate 
et al. 2014). This illustrates that the ponds are susceptible to accidental discharge of wastewater, 
which could impact near by surface waters, even if all protocols are followed correctly. If there is 
a spill of fracturing fluids or produced waters, there is also a risk of soil contamination and 
infiltration into shallow unconfined aquifers. With these risks in mind, companies are trying to 
mitigate the potential for problems for surface spills surrounding retention ponds, by trying to 
recycle produced water.	  
Increased recycling of produced water aims to reduce the amount of water needed for 
future drilling and the amount of wastewater in containment ponds (Nicholson and Fair 2012). 
However, it can only be reused so many times, and when it can no longer be recycled companies 
are looking to treatment. This is a beneficial option, but it will only work in areas that have the 
ability to screen for and treat the complex array of compounds found in the produced water 
(Ferrar et al. 2013). Since many areas with oil and gas development are rural there are not always 
available resources to complete the level of treatment needed.  Olmstead et al. (2013) looked at 
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releases of treated water into surface water and how this impacted downstream concentrations of 
chloride, since formation brine is associated with high chloride, and it is often brought to the 
surface with produced waters. They discovered that the presence of shale development upstream 
alone was not associated with high chloride concentrations downstream, but instead these high 
concentrations were associated with the treatment and release of wastewater into surface water 
systems. Similarly, a study by Warner et al. (2013), found that elevated concentrations of 
contaminants were found in local water supplies, after treatment and release of wastewater 
occurred. This illustrates that treatment of produced water needs greater regulation and improved 
treatment facilities allowing them to correctly handle and treat wastewater from oil and gas 
development. Another solution for produced water includes injection into old, abandoned gas 
wells. This is used as an alternative to both containment ponds, and wastewater treatment. 
However, if old wells are being used for wastewater injection, an improper casing could be a 
potential migration pathway for fluids and provide a risk for groundwater contamination (Cooley 
and Donnelly 2014). This ties back into the previous section, illustrating that well casings are yet 
again an integral part of protecting groundwater resources surrounding multiple aspects of 
natural gas development. The protection of groundwater is being enhanced by increased 
monitoring regulations.	  
There are increased regulations being enacted in many states like Colorado, surrounding 
various aspects of the energy extraction process. One of these includes disclosure of chemical 
ingredients, chemical concentrations, and amount of water being used in all hydraulically 
fractured wells in the state (Nicholson and Fair 2012). A more recent development is the 
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collection of some baseline data. As of May 2013, the Colorado Oil and Gas Conservation 
Commission has been enforcing statewide groundwater monitoring rules requiring the companies 
to collect some baseline data; however, even if baseline data is available, there can be issues. 
Monitoring groundwater depends on preexisting wells, and the wells that the companies are 
testing need to be within a half mile radius of the proposed gas well (Colorado Oil and Gas 
Conservation Commission 2015). These wells may be selected at a higher hydraulic gradient, 
where groundwater is flowing away from the water well. This can make it hard to see any 
recognizable changes since contamination may be moving away from the well where baseline 
was collected. Another issue with the groundwater testing regulation is that changes may not be 
apparent within the short time scale of the monitoring programs (McMahon et al. 2013). Time 
scales have been modeled in many studies using various software programs discussed below.	  
These regulations call for monitoring during time scales that may not be sufficient for 
detection of a problem. The COGCC requires initial sampling to occur within one year prior to 
construction; then subsequent sampling between six to twelve months after completion, and a 
third sample to be taken between 60 and 72 months after completion (Colorado Oil and Gas 
Conservation Commission 2015). However, many groundwater systems move at a very slow 
rate, and there is potential for the rates of fluid and gas migration to be very slow. The amount of 
time for fluid to migrate through fractures needs to be studied further, but the effect on drinking 
water sources could be seen decades after the well construction (Rozell and Reaven 2012). 
Another study found time frames for gas migration into aquifers, impacting groundwater quality, 
could occur in less than 1,000 years (Gassiat et al. 2013). This suggests that there is a greater 
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potential for contamination than previously thought. If contaminants are moving on the order of 
decades, centuries, and millennia, there may be future degradation in places that are currently 
thought to be un-impacted. Gassiat et al. (2013) suggests that hydraulic fracturing should not be 
carried out near potentially conductive faults that could act as a migration pathway and long term 
monitoring programs should be in place in order to insure safety in the future. This finding was 
supported by a numerical model looking at the potential for aquifer contamination with 
formation brine. Over 1000 years, they found that if there is an upward flux along a fracture 
there could be a contaminant plume exceeding the MCL of 188 mg Cl-/L (Cai and Ofterdinger 
2014). This study also found that mass flux of formation brine is unlikely to create 
concentrations of Cl- above the MCL without the presence of the existing fracture (Cai and 
Ofterdinger 2014). A similar study done by Myers (2012), modeled a high permeability fracture 
connecting a shale formation with a freshwater aquifer. He found that the fracturing fluids and 
formation water could experience advective transport into the aquifer in less than 10 years. 
However, a critique of his study found that the model included unfair assumptions lead to 
unrealistic representations of the hydrogeologic system, and an overestimation in upward flux of 
groundwater flow (Saiers and Barth 2012). These mixed viewpoints suggest that naturally 
occurring high permeability fractures are an important pathway to consider when planning future 
energy development since there may be potential for contaminant migration but there is a need 
for additional research in this area and more long-term studies. 	  
As the use of hydraulic fracturing and horizontal drilling expanded all over the country 
there has been increased scrutiny from the public and the media, over the possibility of 
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groundwater contamination and what is contained in fracturing fluids (Nicholson and Fair 2012). 
At time of this study by Nicholson and Fair (2012), there had been approximately 40 lawsuits of 
alleged contamination since 2009 in various states across the country. In response to this 
increased speculation around the natural gas industry there has been a push for increased 
regulation of the activities surrounding hydraulic fracturing by the EPA and more than 30 states 
(Nicholson and Fair 2012). In addition to the monitoring regulation discussed above, Colorado 
has increased regulations requiring the companies to disclose the use of chemical ingredients and 
their concentrations used in fracturing fluids. If the company has trade secrets, they are required 
to at least list the chemical families being used. These companies are also required to disclose the 
amount of water used (Nicholson and Fair 2012), which is another key aspect of unconventional 
energy development.	  
 The amount of water being used while drilling and creating fractures is an increasingly 
controversial subject. On average, there are approximately 2-5 million gallons of freshwater used 
to fracture a typical well depending on the depth of the formation (Rozell and Reaven 2012; 
Nicholson and Fair 2012). This use of water can be an important factor for drought susceptible 
areas like the western US (Nicholson and Fair 2012) where droughts there could create 
competition for water resources between energy development, agriculture, and domestic uses in 
arid regions such as Colorado (Vengosh et al. 2014; Kharak et al. 2013). Colorado’s agriculture 
industry relies heavily on groundwater for irrigation (Topper et al. 2002), which is true in the 
North Fork Valley. Thus, the availability of water is imperative to sustaining the livelihoods for 
many people in the community. In Delta County I witnessed homes that have remarkable 
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gardens, organic farms, and small-scale livestock. In addition to the agricultural uses in the area, 
cities like Paonia have also utilized ground water for the public supply (Topper et al. 2003), 
further increasing its value to the citizens. It is clear to see why the people who live there would 
want to maintain the integrity of their ground and surface water resources, in return maintaining 
their lifestyles and economic industry. The intensive water use by the oil and gas industry during 
extraction brings up potential concern for the availability of the community’s water resources, 
especially during times of drought.	  
While there are many potential environmental impacts discussed throughout this review, 
most studies have found that the actual process of hydraulic fracturing is generally safe as long 
as best practices are being used (King et al. 2011; King 2012; Schon 2011).  Instead, the chance 
of groundwater contamination may come from other aspects of the drilling and well completion 
processes like casing integrity, surface spills, and improper treatment/disposal of wastewater. 
Even though these avenues for contamination are being discussed in the literature and there are 
claims of water pollution, there has never been a confirmed case of groundwater contamination. 
This disparity could be explained in part by a failure to confirm a causal connection between 
hydraulic fracture stimulation and groundwater contamination (King et al. 2011). Background 
information on water conditions and multiple analytical tools should be used in order to 
appropriately conclude water contamination due to oil and gas development (Saba 2013). This 
lack of conclusive evidence is the reason that there are no confirmed cases of groundwater 
contamination. The lack of confirmed cases could stem from three different reasons. The first 
reason is that contamination of groundwater from hydraulic fracturing may be unlikely in most 
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situations. The second is a definitional problem, where the plaintiff can not provide proof that 
hydraulic fracturing is the cause of pollution because the groundwater may have been 
contaminated by another aspect of the development process or operator error instead (King et al. 
2011). The third problem stems from the lack of baseline data, which is now impossible to attain 
in many areas since development has already been established. Without this causal evidence, 
most claims of contamination will continue to fail regardless of whether they are true or not.	  
 The lack of baseline data is a fundamental problem; without baseline water quality data 
it is almost impossible to prove contamination, especially in a lawsuit against an energy 
company. While the majority of oil and gas exploration is safe, it is hard to tell how many of the 
claims of contamination are true without knowing the water quality parameters before the claim.  
Thus, the baseline can be an important tool for communities to ensure greater protection and 
understanding of their water resources. This is why my study is novel; it seeks to establish a 
baseline for the communities in the North Fork Valley of Delta County, Colorado. This way, the 
citizens will have a means to monitor their water quality over time, and look for any potential 
changes after the proposed energy development occurs; an advantage many other communities 
will never have. 	  
Methods	  
This section describes the methods used throughout the study. First, there will be an 
overview of how media outlets were utilized in order to reach out to the communities of the 
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North Fork Valley, and how the homeowners were selected for the study. In addition, this section 
also covers the protocol used when collecting water samples, gathering additional data, and an 
overview of the analysis used.	  
Media Outlets 
Various types of media were utilized in order to reach out to the community and the 
associated energy industries. There was an article featured in the local paper, and an interview on 
a local radio station. Within these outlets, members of CWERC and the WSCC explained what 
our sampling campaign was all about; they also composed two letters to be sent out. The first 
letter was sent out to the water well owners explaining our campaign and asking for volunteers to 
participate in our study. There was contact information for CWERC given in this letter for the 
citizens who were interested in participating in the study. The second letter was sent out to Delta 
and Gunnison County Public Health and the energy companies to spread awareness of our study. 
There was a conference call held where industry would be able to express concerns or to clarify 
any unanswered questions they had surrounding this study. 	  
Selection of Homeowners 
Thirty responses were received from homeowners willing to participate in our sampling 
campaign. Unfortunately there was not enough funding to test all of these domestic wells, so the 
participants had to be narrowed down. The members of CWERC and WSCC chose the locations 
that would give the best representation of the overall watershed. In addition to the chosen sites, 
two homeowners offered to pay for the test themselves, so we also sampled their wells.  	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Sample Collection 
With the help of fellow students and community volunteers we collected samples in the 
North Fork Valley at the end of September 2014. Each water source was tested for 26 analytes to 
provide an overall picture of the area’s water quality. These parameters include: volatile organic 
compounds, the general water quality parameters, major ions, and metals. The volatile organic 
compounds include BTEX and methane. The general water quality parameters include alkalinity, 
specific conductivity, pH, and dissolved organic carbon (DOC). The major ions include calcium, 
chloride, fluoride, magnesium, potassium, sodium, sulfate, and three forms of nitrogen as nitrate 
and/or nitrite. Finally, the metals tested for include arsenic, barium, boron, chromium, copper, 
iron, lead, manganese, selenium, and strontium.	  
For this project, I followed the sampling protocol outlined by the homeowners guide for 
collecting baseline data from domestic wells created by the Colorado Water and Energy 
Research Center. The protocol for collecting these samples will be discussed in depth below. 
Samples were taken with the help of volunteers from eleven domestic wells, three surface water 
sites, and two springs throughout the North Fork Valley watershed. Ideally, samples should be 
collected twice, once in the dry season (fall), and again in the wet season (spring); for the 
timeline of this project only the fall results will be analyzed. The various bottles and storage 
instructions will vary based on which laboratory is conducting the analysis.	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First, we measured the depth to water using a water level meter, if access to the wellhead 
was available.  The homeowners were asked to use their well sparingly 24 hours prior to the 
sampling event. Next, we calculated the well volume using the equation,   =   ∗  2 ∗  , where 
V is the well volume, h is the height of the water, and r is the radius of the well; the radius was 
found within the well permit. Then based on the flow rate we purged the well according to 
whether it was a high or low yield well. We calculated the flow rate in gallons per minute by 
recording the length of time it took to fill a known volume. After the flow rate was determined, 
we calculated the length of time it would take to purge three well volumes. If the length of time 
was unreasonable such as, several hours or days, we decided it was a low yield well. In this case 
the specific conductance was measured using an electronic meter until it reached a stable value 
instead of purging three volumes. For a high yield well, the purge time was generally less than an 
hour. We purged the wells in order to collect water that provides a representative sample of the 
aquifer instead of stagnant water from the pipes or well casing (Kroepsch and Williams 2014). 
We sampled water directly from the well pump or an outdoor tap if possible, so the water 
wouldn’t run through any type of treatment mechanisms in order to insure our samples were 
again representative of the aquifer.	  
Once the wells were purged we were ready to collect the samples; we wore powder-free 
latex gloves during this process. Before going out in the field, the volunteers and I labeled all of 
the sample bottles with the required information in order to increase our efficiency in the field. 
We followed the protocol provided by the lab for storage of the samples in order to ensure the 
sample integrity. Thus, we kept the samples in a cooler with bags of ice to ensure they remained 
36	  	  
at a temperature of 39 °F (4 °C). For certain samples without preservatives, the containers 
needed to be rinsed three times before the samples were collected. Conversely, there were 
containers with preservatives like hydrochloric acid (HCl), which we did not rinse. The 
preservatives were present in order to keep certain elements from precipitating out of solution. 
When collecting dissolved organic carbon (DOC) we made sure to use the dark amber bottles 
because the samples can be degraded by light. Then, small glass vials were used to collect the 
samples for volatile organic compounds. Since the compounds can change into the gas phase, we 
had to make sure there were no air bubbles in the samples by creating a positive meniscus before 
we placed the lid on top. Once all of the samples were collected, we placed the glass bottles in 
bubble wrap provided, and placed all of the samples along with the temperature blank and spikes 
in the cooler with ice. The lab includes blanks and spikes in order to ensure that various criteria 
were met to ensure accuracy. Some samples, like nitrogen, are time sensitive so it was important 
for me to get the samples back to the lab within 48 hours of being collected; this was an issue for 
one sample collected at the beginning of the campaign due to the homeowner’s limited 
availability. Finally, I filled out the chain of custody form and the delivered the coolers to the 
lab, and patiently waited for the results to come in.	  
Collection of Historical Data 
The historical data for my document was collected from three different sources. The first 
group of data was retrieved from the online mapping function from the Colorado Oil & Gas 
Conservation Commission (COGCC). Once the GIS map was loaded I focused in on Delta 
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County using the county borders. In addition, I selected the option of sites with lab data under 
the file of water/gas sampling data. Then each site with lab data was selected and recorded into 
an excel file where the water quality parameters for five springs, twelve surface water, and 
twenty-eight groundwater sites were organized for the analysis. The second source of historical 
data came from the Western Slope Conservation Center (WSCC) sampling campaign in 2011. 
The WSCC collected samples from three springs, and fifteen surface water sites in the North 
Fork Valley. For each of these sources I pulled out the data that corresponded with the analytes 
that I tested for in September. The final source of additional data was shared with me from a 
homeowner who had previously tested their well in 2013.	  
Analysis 
Once my data and the historical data were compiled together into one spreadsheet I began 
to organize it. First the data was sorted by water type: groundwater, springs, and surface water. 
Then, the averages and standard deviations were calculated for each analyte overall and each 
water type, which can be seen in Table 2. Next, I used the statistical program R to create box and 
whisker plots of each of the analytes. These plots illustrate the median and the distribution of 
values found for each source of water, which can be seen throughout the results section in 
Figures 5 – 26. Next, I ran an ANOVA t-test, in order to determine if there were any significant 
differences between the sources of water for each analyte, the output including p-values can be 
seen in Table 4. There were some instances of holes in the data, and values under the minimum 
detection limit encountered during the data analysis. 	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The historical samples did not test for the same suit of analytes as my study did in 2014 
creating holes in the data for some of the analytes. Due to these issues some analytes had more 
data points than others. The numbers of data points per water source are listed in the results 
section for each analyte.  When the analytes were sampled many of them also had a few values, 
or in some cases all values, below the detection limit (DL) of the lab. Analytes like BTEX, 
arsenic, chromium, lead, and copper were almost entirely below the DL or not sampled for. 
These values were not averaged or run through an ANOVA t-test like the other analytes, but it is 
still important to note their absence or rarity in the baseline. 	  
The presence of values under the detection limit was an issue present in many of the other 
analytes, but not in the same magnitude as the ones discussed above. Each lab defines the 
detection limit differently based on different equipment capabilities. When an analyte is below 
the detection limit, it does not necessarily mean that it is absent, instead that it is too small to 
detect. Since the statistical program R, won’t recognize values with a less than sign (<), I 
changed these values to be half of the minimum detection limit, instead of changing them to 
zero. The only case where I did not make this change was with selenium. 	  
Selenium is an indicator of possible interaction with the Mancos shale formation, which 
is known to increase the concentrations of selenium in streams and surface water (Sares et al. 
2000). Since all of the selenium concentrations found in the COGCC data were lower than half 
the minimum detection limit for the samples I collected in September, I decided not to place 
values in the data set that may be an unrealistic representation of the selenium values in the area.	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In addition to the general picture of the analytes found in the Valley, I calculated the 
sodium-adsorption ratio (SAR). This was calculated using the equation, 
    =   !
1/2[(  2!)!(  2!)], where the concentrations of sodium, calcium, and magnesium ions 
are in meq/L as outlined by a previous study (Williams et al. 2010). This was done because 
elevated levels of SAR could indicate interaction with formation brine that is high in sodium. 
Computing the SAR for the valley could be useful for future comparisons. These values (Table 
3) were also compiled into a box and whisker plot (Figure 26), and subject to an ANOVA t-test 
like the other analytes. This ratio is examined further in the discussion section. 	  
Finally, I wanted to see if the depth of the wells explained any of the outlying 
concentration values. In order to find well depth, I searched for the permits of the drinking water 
wells for all of the homeowners sampled in 2014. The permits were found using Colorado’s Well 
Permit Search tool made by the Department of Water Resources (CDWR 2009). Fortunately, I 
was able to find the permits for nine out of eleven wells sampled during the 2014 campaign, 
where I could extract the depth information. The additional depth information was obtained 
while collecting data from the COGCC, but it was only available for five samples. Then, again 
using the statistical program R, scatter plots were made to compare each analyte concentration to 
well depth where available. There was again an issue of holes in the data for some of the 
analytes. A line of best fit was applied to the scatter plot, and an ANOVA t-test was run in order 
to assess the relationship between them. Copper, lead, and methane without the outlier were 
removed from this section because the depth data is sparse and in these cases only correspond to 
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two concentration data points. These two points can be directly fitted with the same line, and 
when the ANOVA t-test is done on a perfect fit, it is unreliable. The small data set affected more 
of the analytes, which is explained further in the discussion section. These relationships cannot 
be determined for many of the analytes until more data with associated well depths are collected.	  
Results	  
 Once all of the data was compiled, the averages of each water type and the overall 
watershed were placed in Table 2 for each analyte. This shows the general range of values found 
in the North Fork over a time span of 2000-2014. It is important to note that samples were not 
collected every year during this time frame; instead samples were collected during seven of the 
fifteen years. The biggest sampling campaigns out of these testing years occurred during 2002, 
2011, and 2014, with very few samples collected during the remaining four years. 	  
The statistical program R was used throughout this section to create box and whisker 
plots for each analyte in order to visualize the distribution of values obtained throughout the 
valley. The black line in the center of the box represents the median, while the bottom and top of 
the box represents the 25% and 75% quartile respectively. The whiskers represent 1.5 times the 
length of the box, and any circles above or below represents outlying values. This type of plot 
can be seen below in Figure 5, and follows the same description for subsequent Figures 6 – 26. 
Then an ANOVA t-test was run for each analyte to determine if there were any significant 
differences between the distributions of concentrations for each water source.	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All together this baseline data set contains 40 groundwater, 11 spring, and 29 surface 
water samples for the North Fork Valley. These can be seen in the Figures 2 and 3, but many of 
the markers are overlapping. The historical samples were not always tested for the same suit of 
analytes as the samples that I collected, leaving holes in the data as discussed previously. 
However this is the best representation of a baseline that is available for the area. The baseline 
will cover seven general categories including: BTEX, methane, general water quality parameters, 
major ions, dissolved metals, sodium-adsorption ratio, and depth.	  
BTEX 
 The first things to note are the volatile organic compounds BTEX, which are commonly 
used to monitor the effects of energy development on water quality as discussed previously in 
the literature review.  These are expensive to test for, so data is only available from my sampling 
campaign and the COGCC. Fortunately, this accounts for a large portion of the data. All of the 
concentrations of benzene, toluene, ethylbenzene, and xylene were less than the minimum 
detection level in all of the samples. The minimum detection limits are 0.00025, 0.0008, 
0.00031, and 0.00089 (mg/L) respectively, which are very low.	  
Methane 
The average values of methane found in the valley for groundwater was 0.352 ± 1.09 
(mg/L), smaller in springs with a value of 0.029 ±0.022 (mg/L), and very small values for 
surface water of 0.001 ±0.0006 (mg/L). In general all of the methane concentrations were very 
low, and many were near the detection limit of 0.0004 (mg/L). There is one large outlier 
presented in Figure 5, which has a value of 4.26 mg/L. This value is uncharacteristic of the other 
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results that were reported in the area. The owner of this domestic well was recommended to 
contact the COGCC for further testing since the value was over 1 mg/L. While methane is not 
hazardous to your health it can present a risk of combustion once it reaches a level of 10 (mg/L). 
While the values seem to decrease from groundwater to surface water there was no statistical 
difference found between the water types with or without the outlying value (Table 4). The 
distributions of these values can be seen in Figures 5 and 6. The next suite of analytes that I 
looked at was the general water quality parameters including: alkalinity, pH, specific 
conductivity, and dissolved organic carbon. 	  
	  
Figure 5: This is a box and whisker plot that shows the distributions of the methane concentrations in 
mg/L seen throughout the valley. A large outlier is seen for groundwater, but there are no significant 
differences found by the ANOVA between the water types (p-value>0.05). The number of samples per 
water type are n=14 (GW), n= 3 (SP), and n=2 (SW).	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Figure 6: This box and whisker plot shows the distributions of methane concentrations in mg/L found 
throughout the valley, without the large outlying value. This makes it easier to see the typical low values. 
Still, the ANOVA found no significant differences were found between the water types (p-value>0.05). 
The number of samples per water type is n=13 (GW), n=3 (SP), and n=2 (SW). 	  
General Water Quality Parameters 
Alkalinity is a measure of water’s ability to act as a buffer; also referred to as hardness of 
water. This allows the water to neutralize acids, and reduce variations in the pH. For this study I 
looked at alkalinity as calcium carbonate (CaCO3). The average value found in groundwater was 
189.22 ±137.43 (mg/L), while springs were slightly higher with an average value of 268.15 
±90.44 (mg/L), and surface waters with a value of 143.65 ±90.89 (mg/L). The distribution of 
concentrations can be seen below in Figure 7, and there was a significant difference found in 
44	  	  
alkalinity concentrations (p-value<0.05) where the alkalinity of springs is significantly different 
than surface water. 
 	  
Figure 7: This box and whisker plot shows the average value of alkalinity as calcium carbonate in mg/L 
seen throughout the valley. The ANOVA results show that there was a significant difference between SP 
and SW (p-value=0.011).  The number of samples per water type is n=37 (GW), n=11 (SP), and n=28 
(SW).	  	  	  
The pH found throughout the valley was generally neutral, usually around 7.6. However, 
the average pH for groundwater was 7.4 ±0.5, similar to springs with 7.38 ±0.3, with a more 
basic pH for surface water of 8.14 ±0.5. The results of the ANOVA (Table 4) found that there 
was a significant difference (p-value<0.05). There is a significant difference between surface 
water and springs, as well as, surface water and groundwater illustrated below in Figure 8. The 
next important measure of general water quality is the specific conductivity.	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Figure 8: This plot shows the average pH values found in the watershed. The results of the ANOVA, 
found that there is a significant difference between SW and SP (p-value<<0.05) as well as, SW and GW 
(p-value<<0.001). The number of samples per water type is n=37 (GW), n=11 (SP), and n=27 (SW).	  	   	  	  
The specific conductance is the measure of water’s ability to conduct electricity. It is a 
representation of the amount of inorganic dissolved solids in the water (Kroepsch and Williams 
2014). This study found the average conductance for groundwater was 409 ±585 (µS/cm), 
springs were 362 ±356 (µS/cm), and the surface water was 318 ±301 (µS/cm). There was no 
significant different in specific conductivity (p-value>0.05) between any of the water types. 
Figure 9 shows the distribution of conductivity throughout the valley. There are a few high 
outliers found in groundwater, which could be associated with very high sodium values found in 
the water, contributing to high conductance. 	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Figure 9: This plot represents the average values of the specific conductivity (µS/cm) seen throughout the 
valley. The results from the ANOVA show no significant differences between the water types (p-
value>0.05). The number of samples per water type is n=37 (GW), n=11 (SP), and n=29 (SW).	  	  	  	  	  	  
 The last general water quality parameter is dissolved organic carbon (DOC), which is the 
concentration of organic molecules in the water. The values found in this study were typically 
low with average values of 3.58 ±6.07 (mg/L) for groundwater, 1.43 ±0.68 (mg/L) for springs, 
and 2.7 ±1.00 (mg/L) for surface water. The high average value in groundwater is likely due to 
an outlier of 21.7 (mg/L) found in one of the domestic wells. There were no significant 
differences found between any of the water types (p-value>0.05), seen below in Figure 10. 
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Dissolved organic carbon was only tested for in 2014, so this is a very small sample size that 
only shows a small snapshot of the possible concentrations of DOC in the area. 	  
  	  
Figure 10: This plot represents the typical values of dissolved organic carbon in mg/L found in the North 
Fork. The results from the ANOVA found no significant differences between the water types (p-
value>0.05). The number of samples per water type is n=10 (GW), n=3 (SP), and n=2 (SW).	  	  
 
Major Ions  
There were eight major ions tested for in this study including: calcium, chloride, fluoride, 
magnesium, potassium, sodium, sulfate, and total nitrogen. Most of these ions are common in 
groundwater due to local geology and/or human activities. The first ion I will discuss is calcium 
(Ca2+). The average values found throughout the valley were 56.5 ±84.4 (mg/L) in groundwater, 
73.6 ±42.2 (mg/L) in springs, and slightly less with 39.3 ±33.1 (mg/L) in surface water. There 
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were no significant differences found for calcium (p-value>0.05). There are several outliers in 
each source of water seen in Figure 11 including a maximum value of 490 (mg/L), which may be 
explained by local geology. Calcium was consistently tested for making this a good 
representation of the typical range of calcium found in this watershed.	  
	  
Figure 11: This plot shows the distribution of calcium concentrations (µg/L) seen throughout the valley. 
The results from the ANOVA found no significant differences for calcium (p-value>0.05). The number of 
samples per water type is n=38 (GW), n=11 (SP), and n=29 (SW).	  	  	  
Chloride (Cl-) is also a common ion in groundwater, but humans can introduce it into 
water systems in a number of ways, which will be discussed later. The average values were 
found to be 9.91 ±15.87 (mg/L) for groundwater, 5.6 ±3.05 (mg/L) for springs, and 3.67 ±3.05 
(mg/L) in surface water. The ANOVA found no significant difference for chloride (p-
value>0.05). Figure 12 shows the distribution of concentrations and some outliers in each 
category with a very high value of 67.9 (mg/L) in the groundwater. Since this has been widely 
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sampled throughout the time frame, it is likely a good baseline for chloride in the valley. The 
next major ion discussed will be fluoride.	  
	  
Figure 12: This plot shows the distribution in concentrations of chloride in mg/L seen throughout the 
valley. The results of the ANOVA found no significant differences between the water types (p-
value>0.05). The number of samples per water type is n=30 (GW), n=10 (SP), and n=26 (SW).	  	  	  
Fluoride is commonly found in groundwater, and it can be added to municipal water 
supplies to reduce cavity risk in the population. The average concentration in groundwater was 
0.45 ±0.29 (mg/L), 0.35 ±0.16 in springs, and 0.29 ±0.22 in surface waters. The averages seem to 
decrease as you move from groundwater to surface water. However, no significant difference 
was found for fluoride concentrations (p-value>0.05)	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Figure 13: This plot shows the general distribution of values for fluoride in mg/L present in the North 
Fork Valley. The results from the  ANOVA (Table 4) found no significant difference (p-value>0.05). The 
number of samples per water type is n=17 (GW), n=7 (SP), and n=3 (SW) making this a relatively small 
sample size.	  	  	  	  	  
 Another common ion that contributes to water hardness is magnesium. This is commonly 
attributed to local geology. Throughout the watershed average values were found to be 28.7 
±37.9 (mg/L) in groundwater, 23.2 ±12.1 (mg/L) in springs, and 14.1 ±17.2 (mg/L) in surface 
water sites. The ANOVA found no significant difference for magnesium in the valley (Figure 
14). This ion was consistently sampled for throughout the valley.	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Figure 14: This plot shows the distribution of concentrations for the ion, magnesium in µg/L, found 
throughout the valley. The results from the ANOVA found no significant difference (p-value>0.05). The 
number of samples per water type is n=38 (GW), n=11 (SP), and n=29 (SW).	  	  	  	  	  	  
 Potassium is another major ion to consider in this baseline study, even if it is not 
regulated in drinking water. It is an essential macronutrient for plants, so the levels could be 
important for agricultural purposes. The average values found throughout the valley were higher 
with 5,370 ±6,003 (µg/L) in groundwater, and slightly lower with 2,042 ±408 (µg/L) in springs, 
and 2,060 ±1,468 (µg/L) in surface waters. There is a much higher range of values seen in 
groundwater than the other two water sources, which may explain the higher average values. 
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There was a significant difference found between for potassium (p-value<0.05) after running the 
ANOVA (Figure 15). This ion was consistently sampled throughout the valley.	  
	  
Figure 15: This plot shows the range in values of potassium in µg/L, found throughout the valley. Results 
from ANOVA (Table 4) found a significant difference between SW and GW (p-value<0.05). The number 
of samples per water type is n=38 (GW), n=11 (SP), and n=27 (SW).	  	  	  
 A very important ion to look at concerning water quality is the sodium concentrations. 
This study found average concentrations of 31.8 ±50.2 (mg/L) in groundwater, 37.5 ±13.8 
(mg/L) in springs, and 17.7 ±15.9 (mg/L) in surface water samples. The springs seem to have a 
slightly higher average value than the other sources of water, but groundwater has a greater 
distribution in sodium concentrations found. There was no significant difference found between 
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any of the water types (p-value>0.05) seen below in Figure 16. This ion is also important when 
calculating the sodium-absorption ratio (SAR) discussed later on.	  
	  
Figure 16: This plot shows the distribution of sodium concentrations in µg/L for the North Fork Valley. 
Results from ANOVA found no significant differences between the water types (p-value>0.05). The 
number of samples per water type is n=38 (GW), n=11 (SP), and n=26 (SW).	  	  	  
Sulfate is another common ion that generally leaches into water from shale deposits, as 
well as, other sources that are elaborated upon within the discussion section. The average values 
found throughout the valley include 134.59 ±313.9 (mg/L) in groundwater, 65.3 ±95.7 (mg/L) in 
springs, and 39.04 ±99.6 (mg/L) in surface water samples.  The averages for each seem to be 
pretty similar, but there are huge outlying values for groundwater and surface water seen in the 
54	  	  
distribution of concentrations (Figure 17). Results from the ANOVA (Table 4), show that there 
are no significant differences between any of the water sources (p-value>0.05).	  	  
	  
Figure 17: This plot shows the distribution of sulfate concentrations in mg/L throughout the North Fork 
Valley. Results from ANOVA found no significant differences between the water types (p-value>0.05). 
The number of samples per water type is n=37 (GW), n=11 (SP), and n=29 (SW).	  	  	  
 The final analyte in this category is nitrogen, in its various forms including nitrite and/or 
nitrate. First, we will discuss nitrogen as nitrate. The average values found were highest with 
0.91 ±0.84 (mg/L) for groundwater, and slightly lower values of 0.23 ±0.09 (mg/L) in springs, 
and 0.19 ±0.27 (mg/L) for surface water samples. It is important to note that there are a couple of 
high outlying concentrations for nitrate in groundwater, and there was a significant difference 
55	  	  
found by the ANOVA (p-value<<0.05) for nitrate. It found that groundwater and springs, as well 
as, groundwater and surface water were significantly different (Figure 18.A). The concentrations 
for nitrogen as nitrite, were much smaller (Figure 18.B). The average concentrations found for 
nitrite in groundwater of 0.13 ±0.36 (mg/L), in springs of 0.02 ±0.01 (mg/L), and 0.04 ±0.03 
(mg/L) for surface waters. There were no significant differences in the nitrite concentrations 
found between any of the sources of water (p-value>0.05). Nitrite has a smaller sample size than 
nitrate, but in general the concentrations in the valley were very low for both.	  
A) B)  	  
Figure 18: These plots show the distribution of nitrate and nitrite concentrations throughout the North 
Fork Valley. A – Nitrogen as nitrate (mg/L). Running an ANOVA found a significant difference 
between the concentrations of SP and GW (p-value<<0.05) as well as, SW and GW (p-value<<0.05). The 
number of samples per water type is n=35 (GW), n=10 (SP), and n=24 (SW).	  
B – Nitrogen as nitrite (mg/L). Running an ANOVA found no significant difference in nitrite (p-
value>0.05). The number of samples per water type is n=12 (GW), n=6 (SP), and n=17 (SW).	  	  	  
The final ion is total nitrogen, which is a combination of nitrate and nitrite discussed 
previously. The average concentrations found were 0.85 ±0.88 (mg/L) in groundwater, 0.17 
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±0.09 (mg/L) in springs, and 0.18 ±0.29 (mg/L) in surface water sites. The groundwater values 
were higher than the other two sources; possible explanations are hypothesized in the discussion 
section of this paper. There was a significant difference found for total nitrogen (p-value<0.05), 
where surface water and groundwater are significantly different (p-value<0.05).	  	  
	  
Figure 19: This plot shows the distribution of total nitrogen concentrations in mg/L seen throughout the 
study. There was a significant difference found between the SW and GW samples (p-value<0.05), but no 
significant difference found between the others. The number of samples per water type is n=10 (GW), 
n=5 (SP), and n=18 (SW).	  	  
Sodium-Adsorption Ratio 
 The sodium-adsorption ratio (SAR) looks at the ratio of sodium concentrations compared 
to calcium and magnesium concentrations in water. The calculation is described previously in the 
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methods section. A study done on the Fruitlands formations in Colorado found that formation 
water associated with coal bed methane would be high in sodium, but low in calcium and 
magnesium (Williams et al. 2010), and thus, have a high SAR. The average values for this 
watershed were found to be 0.75 ±0.84 [1] for groundwater, 0.98 ±0.32 [1] for springs, and 0.51 
±0.35 [1] for surface water sites. These values are very low compared to the high of 37 found in 
the Fruitlands study. The ANOVA (Table 4) found no significant differences (p-value>0.05) 
between any of the water sources (Figure 26).	  
	  
Figure 26: This plot shows the distribution of the calculated SAR values in the North Fork Valley. There 
were no significant differences found between the water types (p-value>0.05). The number of samples per 
water type is n=38 (GW), n=11 (SP), and n=29 (SW).	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Metals 
The other important aspects of water quality that I looked at in this study are the metals 
present in the various sources of water. The standard suit of analytes that I sampled for, 
recommended by CWERC, covers ten metals that include: arsenic, barium, boron, chromium, 
copper, iron, lead, manganese, selenium, and strontium. These are an important aspect of water 
quality for the baseline in the area.	  
A few of these were left out of the analysis for two reasons discussed briefly in the 
methods section, ultimately leading to very large gaps in the data; this was the case for arsenic 
and chromium. For analytes like copper and lead, while there were detections in two or three 
samples, but there was still a lack of data for the remaining samples. These concentrations were 
very small, and found in two of the past groundwater samples in 2010 and 2013 used in the 
study, and both times they were detected together. In the 2010 sample, copper was 0.018 (mg/L), 
and lead was 0.008 (mg/L). In the 2013 sample, copper was 0.014 (mg/L), and lead was 0.002 
(mg/L).  These metals are examined further in the discussion section of this paper. The 
remaining metals to discuss had smaller data gaps, and the first to be discussed is barium.	  
Barium was not tested for in all of the samples, but it was sampled in 2014 campaign as 
well as, in 2011 study by the Western Slope Conservation Center. This does not make for the 
strongest baseline, but it is important to look at the data that is available. The average value of 
barium found in this watershed was 0.123 ±0.118 (mg/L) in groundwater, 0.052 ±0.020 (mg/L) 
in springs, and 0.088 ±0.055 (mg/L) in surface water. The results from the ANOVA (Table 4) 
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found no significant difference in barium (p-value>0.05) between any of the water types (Figure 
20). The next metal sampled for was boron.	  
	  
Figure 20: This plot shows the distribution of barium concentrations (µg/L) found throughout the 
watershed. There were no significant differences found (p-value>0.05). The number of samples per water 
type is n=11 (GW), n=3 (SP), and n=19 (SW).	  	  	  
 Boron is naturally occurring in geologic formations in various forms such as borate 
(Kroepsch and Williams 2014). This metal was only tested for in my sampling campaign giving 
it a small sample size, and some of the levels were below the detection limit of the lab. This 
doesn’t make for a very strong baseline, so continued sampling for this metal could strengthen 
our understanding of naturally occurring boron in the valley. Nevertheless, the average values 
found within the watershed include 0.067 ±0.064 (mg/L) in groundwater, 0.053 ±0.020 (mg/L) in 
60	  	  
springs, and 0.066 ±0.043 (mg/L) in surface water sites. The ANOVA (Table 4) found no 
significant difference (p-value>0.05) between any of the water types (Figure 21). 	  
	  
Figure 21: This plot shows the distribution of boron concentrations (µg/L) found throughout the valley. 
There were no significant differences found between the water types (p-value>0.05). The number of 
samples per water type is n=12 (GW), n=3 (SP), and n=3 (SW).	  	  	  	  
 Iron is commonly found in groundwater from weathering of soils, rocks, and minerals 
(Kroepsch and Williams 2014). Iron was consistently tested for throughout this study. The 
average values found in this area were 1.08 ±1.82 (mg/L) in groundwater, 0.25 ±0.23 (mg/L) in 
springs, and 0.35 ±0.34 (mg/L) for surface water sites. Even though there are some high outlying 
values for groundwater samples, the results of the ANOVA (Table 4) found no significant 
differences (p-value>0.05) between any of the water types (Figure 22).	  
61	  	  
 	  
Figure 22: This plot shows the distribution of iron concentrations (µg/L) seen throughout the valley. 
There were no significant differences found between any of the water types (p-value>0.05). The number 
of samples per water type is n=32 (GW), n=6 (SP), and n=27 (SW).	  	  	  	  
Like iron, manganese is also commonly found in groundwater due to weathering of soils, 
rocks, and minerals. This metal was tested for throughout the data set, giving it a strong 
representation of values in the valley. The average concentrations found were 0.12 ±0.21 (mg/L) 
in groundwater, 0.068 ±0.077 (mg/L) in springs, and 0.03 ±0.03 (mg/L) in surface water. Even 
though there are high outlying values in groundwater, the results of the ANOVA (Table 4) found 
no significant differences (p-value>0.05) between any of the different water sources (Figure 23).	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Figure 23: This plot shows the distribution of manganese concentrations (µg/L) seen throughout the 
valley. There were no significant differences found between any of the water types (p-value>0.05). The 
number of samples per water type is n=25 (GW), n=8 (SP), and n=25 (SW).	  	  	  	  
Selenium is a common metal in Colorado found in many soils and geologic formations 
(Kroepsch and Williams 2014). Selenium concentrations in many of the samples, including all of 
the samples I collected in 2014, were either below the detection limit for the lab or not sampled 
for; however, there was some detection in past samples collected by the COGCC in low 
concentrations. The average values found 0.011 ±0.010 (mg/L) in groundwater, 0.005 ±0.0003 
(mg/L) in springs, and 0.006 ±0.00095 (mg/L) in surface water sites. Even though there is a 
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wider range of values seen in groundwater, the results of the ANOVA (Table 4), found no 
significant differences (p-value>0.05) between any of the water types (Figure 24).	  	  
	  
Figure 24: This plot shows the distribution of selenium concentrations (µg/L) seen in throughout the 
valley. There were no significant differences found between the water types (p-value>0.05). The number 
of samples per water type is n=6 (GW), n=3 (SP), and n=2 (SW), making this a very small sample size.	  	  	  	  	  
The final metal that we will discuss in this study is strontium. The average levels values 
found in this watershed are 0.93 ±0.59 (mg/L) in groundwater, 0.79 ±0.45 (mg/L) in springs, and 0.43 
±0.34 (mg/L) for surface water.  The results of the ANOVA (Table 4), found a significant difference (p-
value<0.05). This difference was between groundwater and surface water, but no significant difference 
between the other two water types (Figure 25).	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Figure 25: This plot shows the distribution of strontium concentrations (µg/L) seen throughout the valley. 
There was a significant difference found between SW and GW (p-value<0.05), but no significant 
differences between the others. The number of samples per water type is n=11 (GW), n=3 (SP), and n=17 
(SW).	  	  
Table 2: Shows the average, standard deviation, and range of analyte concentrations for the overall 
watershed, groundwater, springs, and surface water found in the North Fork Valley.  It also shows the 
MCLs set by the EPA or the CDHPE.	  
Analyte	   Overall*	   Range	   GW*	   SP*	   SW*	   Limit	  
BTEX:	  
Benzene	  
	  
Toluene	  
	  
Ethylbenzene	  
	  
Xylene	  
	  
ND	  	  
ND 	  
ND	  	  
ND	  
	  
ND	  	  
ND 	  
ND	  	  
ND	  	  
	  
ND	  	  
ND	  	  
ND	  	  
ND	  
	  
ND	  	  
ND	  	  
ND	  	  
ND	  
	  
ND	  	  
ND	  	  
ND	  	  
ND	  	  
	  
Benzene: 0.005 mg/L	  	  
Toluene: 1.0 mg/L	  	  
Ethylbenzene: 0.7 mg/L	  	  
Xylene: 10.0 mg/L	  	  
National Primary 
Drinking Water 
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Standard	  	  
	  
Methane 
(mg/L)	  
	  	  
0.264	  
±0.945	  
	  	  
0.00044 
– 4.26	  
	  	  
0.352	  
±1.09	  
	  	  
0.029	  
±0.022	  
	  	  
0.001 
±0.0006	  
U.S. Department of the 
Interior recommends 
venting of water wells 
that contain greater than 
10 mg/L of dissolved 
methane to minimize 
explosion hazard from 
methane gas building up 
inside a home.	  
	  
Alkalinity, 
Total as CaCO3 
(mg/L)	  
	  	  
183.85 
±122.72	  
	  	  
22.1 – 
460	  
	  	  
189.22 
±137.43	  
	  	  
268.15 
±90.44	  
	  	  
143.65 
±90.89	  
Not regulated in 
drinking water by EPA 
or CDPHE. A 
recommended range for 
drinking water is 30-
400 mg/L, according to 
the Illinois Dept. of 
Public Health.	  
	  
Chloride 
(mg/L)	  
	  	  
6.8 ±11.33	   	  	  0.25 – 
67.9	  
	  	  
9.91 
±15.87	  
	  	  
5.6 
±3.05	  	  
	  	  
3.67 
±3.05	  
National Secondary 
Drinking Water 
Standard: 250 mg/L	  
CDPHE Drinking 
Water Standard: 250 
mg/L	  
	  
Fluoride 
(mg/L)	  
	  
0.409 
±0.26	   	  0 – 1.0	   	  0.45 ±0.29	   	  0.35 ±0.16	   	  0.29 ±0.22	   National Primary Drinking Water Standard: 4.0 mg/L	  
CDPHE Human Health 
Standard: 4.0 mg/L	  
	  
Nitrogen, 
Nitrate (mg/L)	  
	  
0.562 
±0.71	  	  
	  
0.005 – 
3.43	   	  0.91 ±0.84	  	  
	  
0.23 
±0.09	   	  0.19 ±0.27	   See the following limit.	  
	  
Nitrogen, Total 
(Nitrate + 
Nitrite^a)	  
(mg/L)	  
	  
0.382 
±0.61	   	  0.007 – 2.5	   	  0.85 ±0.88	   	  0.17 ±0.09	   	  0.18 ±0.29	   National Primary Drinking Water Standard: 10 mg/L	  
CDPHE Human Health 
Standard: 10 mg/L	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Nitrogen, 
Nitrite^b 
(mg/L)	  
	  
0.065 
±0.22	   	  0.002 – 1.33	   	  0.13 ±0.36	  	  
	  
0.02 
±0.01	  	  
	  
0.04 
±0.03	   See the previous limit.	  
	  
	  
Specific 
Conductuctivit
y (µS/cm)	  
	  	  
368 ±467	   	  	  0.1 – 
2670	  
	  	  
409 ±585	   	  	  362 
±356	  
	  	  
318 ±301	   Not regulated in drinking water by EPA or CDPHE. Measured 
in micro Siemens per 
centimeter (µS/cm), 
informal estimates put 
drinking water in the 
range of 50-1,500 
µS/cm.	  
	  
Sulfate (mg/L)	  
	  
88.7 
±233.3	   	  1.2 – 1,400	   	  134.59 ±313.9	   	  65.3 ±95.7	   	  39.04 ±99.6	   National Secondary Drinking Water Standard: 250 mg/L	  
CDPHE Drinking 
Water Standard: 250 
mg/L	  
	  
	  
pH	  
	  	  
7.66 ±0.6	   	  	  6.2 – 8.7	   	  	  7.4 ±0.5	   	  	  7.38 
±0.3	  
	  	  
8.14 ±0.5	   National Secondary Drinking Water Standard: 6.5- 8.5	  
CDPHE Human Health 
Standard: 6.5-8.5	  	  
	  
Dissolved 
Organic 
Carbon (mg/L)	  
	  
3.03 ±5.06	   	  0.5 – 
21.7	   	  3.58 ±6.07	   	  1.43 ±0.68	   	  2.7 ±1.00	  	   Not regulated in drinking water by EPA or CDPHE.	  
	  
Barium (µg/L)	  
	  
96.99 
±82.99	   	  20.8 – 360	   	  123.31 ±118.15	   	  52.03 ±20.54	   	  88.86 ±55.01	   National Primary Drinking Water Standard: 2.0 mg/L.	  
CDPHE Human Health 
Standard: 2.0 mg/L	  
	  
Boron (µg/L)	  
	  
64.62 
±56.18	   	  0 – 210	   	  67.08 ±64.18	   	  53.40 ±20.69	   	  66.00 ±43.98	   Not regulated by EPA.	  CDPHE Agricultural Standard for 
Groundwater: 0.75 
mg/L	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Calcium (µg/L)	  
	  
52,550 
±65,323	   	  400 – 490,000	   	  56,510 ±84,418	   	  73,645 ±42,243	   	  39,358 ±33,151	  	  
	  
Not regulated in 
drinking water by EPA 
or CDPHE.	  
	  
	  
Iron (µg/L)	  
	  	  
701 ±1,354	   	  	  5 – 
9,300	  
	  	  
1,080 
±1,825	  
	  	  
249 
±232	  
	  	  
353 ±342	   National Secondary Drinking Water Standard: 0.3 mg/L	  
CDPHE Drinking 
Water Standard: 0.3 
mg/L	  
	  
Magnesium 
(µg/L)	  
	  
22,530 
±29,649	   	  2,100 – 168,000	  	  
	  
28,712 
±37,995	  	  
	  
23,236 
±12,112	   	  14,162 ±17,230	   	  Not regulated by EPA or CDPHE.	  
	  
	  
Manganese 
(µg/L)	  
	  	  
74.6 
±149.2	  
	  	  
0 – 870	   	  	  120.8 
±211.5	  
	  	  
68.4 
±77.0	  
	  	  
30.4 
±30.0	  
National Secondary 
Drinking Water 
Standard: 0.05 mg/L	  
CDPHE Drinking 
Water Standard: 0.05 
mg/L	  
	  
Potassium 
(µg/L)	  
	  
3,712 
±4,643	  	  
	  
500 – 
25,000	   	  5,370 ±6,003	   	  2,042 ±408	   	  2,060 ±1,468	   	  Not regulated in drinking water by EPA 
or CDPHE.	  
	  
	  
Selenium 
(µg/L)	  
	  	  
8.71 ±8.24	   	  	  0 – 31	   	  	  11.15 
±10.53	  
	  	  
5.67 
±0.33	  
	  	  
5.95 
±0.95	  
	  
National Primary 
Drinking Water 
Standard 0.05 mg/L	  
CDPHE Human Health 
Standard: 0.05 mg/L	  
	  
	  
Sodium (µg/L)	  
	  	  
27,803 
±38,096	  
	  	  
1,400 – 
220,000	  
	  	  
31,892 
±50,206	  
	  	  
37,509 
±13,866	  
	  	  
17,722 
±15,974	  
Not regulated in 
drinking water by EPA 
or CDPHE. EPA 
informally recommends 
an upper limit of 20 
mg/L for people on 
low-sodium diets.	  
	  
Strontium 
	  
642 ±512	   	  92 – 	  927 ±590	   	  786 	  432 ±344	   Not currently regulated in drinking water by 
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(µg/L)	   2,400	   ±448	   	   EPA.	  
* - Average with standard deviation.	  	  
Table 3: The sodium-absorption ratio (SAR) is a way to predict if an aquifer is coming into contact with 
a formation that may contain gas. This table contains the average, standard deviation, and range in values.	  
Sodium-
Absorption	  
Ratio	  
	  
Average	  
	  
Range	  
	  
GW	  
	  
0.75 ±0.84	   	  0.11 – 3.40	  
	  
SP	  
	  
0.98 ±0.32	   	  0.19 – 1.37	  
	  
SW	  
	  
0.51 ±0.35	   	  0 – 1.19	  
	  
Overall	  
	  
0.69 ±0.66	   	  0 – 3.40	  	  	  
Table 4: This show the output from the ANOVA t-test, which was found using the statistical software R.	  
Analyte	   F-
value	  
Pr(>F)	   Compariso
n	  
P adjusted	  
	  
Alkalinity, Total as 
	  
4.454	  
	  
0.015*	  
SP – GW	   0.134	  
SW – GW	   0.279	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CaCO3 (mg/L)	  
SW – SP	   0.011*	  
	  
Methane (mg/L) 	  
	  
0.2	  
	  
0.821	  
SP – GW	   0.873	  
SW – GW	   0.892	  
SW – SP	   0.999	  
Methane (mg/L) 
Without Outlier	  
	  
0.3	  
	  
0.746	  
SP – GW 	   0.922	  
SW – GW 	   0.754	  
SW – SP 	   0.941	  
	  
Chloride (mg/L)	  
	  
2.223	  
	  
0.117	  
SP – GW	   0.547	  
SW – GW	   0.103	  
SW – SP	   0.889	  
	  
Fluoride (mg/L)	  
	  
0.699	  
	  
0.507	  
SP – GW	   0.686	  
SW – GW	   0.588	  
SW – SP	   0.932	  
	  
Nitrogen, Nitrate 
	  
11.04	  
	  
7.29x10-
SP – GW	   0.0096**	  
SW – GW	   0.00015**
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(mg/L)	   5	  
***	  
*	  
SW – SP	   0.985	  
Nitrogen, Nitrate + 
Nitrite^a (mg/L)	  
	  
5.073	  
	  
0.0127*	  
SP – GW	   0.082	  
SW – GW	   0.012*	  
SW – SP	   0.999	  
Nitrogen, Nitrite^b 
(mg/L)	  
	  
0.674	  
	  
0.517	  
SP – GW	   0.621	  
SW – GW	   0.564	  
SW – SP	   0.982	  
Specific 
Conductuctivity 
(µS/cm)	  
	  
0.3	  
	  
0.742	  
SP – GW	   0.954	  
SW – GW	   0.721	  
SW – SP	   0.964	  
	  
Sulfate (mg/L)	  
	  
1.426	  
	  
0.247	  
SP – GW	   0.664	  
SW – GW	   0.231	  
SW – SP	   0.946	  
	   	   	   SP – GW	   0.993	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pH	   20.16	   1.1x10-7	  
***	  
SW – GW	   2x10-7 ***	  
SW – SP	   0.00013**
*	  
Dissolved Organic 
Carbon (mg/L)	  
	  
0.175	  
	  
0.841	  
SP – GW	   0.830	  
SW – GW	   0.977	  
SW – SP	   0.966	  
	  
Barium (µg/L)	  
	  
1.055	  
	  
0.361	  
SP – GW	   0.406	  
SW – GW	   0.533	  
SW – SP	   0.763	  
	  
Boron (µg/L)	  
	  
0.061	  
	  
0.941	  
SP – GW	   0.937	  
SW – GW	   0.999	  
SW – SP	   0.966	  
	  
Calcium (µg/L)	  
	  
1.226	  
	  
0.299	  
SP – GW	   0.726	  
SW – GW	   0.541	  
SW – SP	   0.308	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Iron (µg/L)	  
	  
2.561	  
	  
0.0853	  
SP – GW	   0.346	  
SW – GW	   0.101	  
SW – SP	   0.984	  
	  
Magnesium (µg/L)	  
	  
2.01	  
	  
0.141	  
SP – GW	   0.850	  
SW – GW	   0.118	  
SW – SP	   0.661	  
	  
Manganese (µg/L)	  
	  
2.375	  
	  
0.102	  
SP – GW	   0.656	  
SW – GW	   0.084	  
SW – SP	   0.800	  
	  
Potassium (µg/L)	  
	  
5.332	  
	  
0.0069	  
**	  
SP – GW	   0.078	  
SW – GW	   0.011*	  
SW – SP	   0.999	  
	  
Selenium (µg/L)	  
	  
0.472	  
	  
0.64	  
SP – GW	   0.685	  
SW – GW	   0.772	  
SW – SP	   0.999	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Sodium (µg/L)	  
	  
1.486	  
	  
	  
0.233	  
	  
SP – GW	   0.903	  
SW – GW	   0.316	  
SW – SP	   0.324	  
	  
Strontium (µg/L)	  
	  
3.713	  
	  
0.0371 *	  
SP – GW	   0.895	  
SW – GW	   0.033*	  
SW – SP	   0.474	  
	  
Sodium-Adsorption 
Ratio (SAR)	  
	  
2.408	  
	  
0.969	  
SP – GW	   0.569	  
SW – GW	   0.282	  
SW – SP	   0.108	  	  	  	  
Depth 
This section aims to compare the analyte concentrations to well depth in order to explain 
potential outlying values. Even though the well depth data set is limited for the past samples 
(n=14), as explained in the methods, this is the best representation available. Since a small 
sample size can give a deceptively large R2 value, I will be looking at adjusted R2 values in order 
to account for the small data set. Another issue encountered in this section was finding negative 
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adjusted R2 values, meaning that the data set is too small to be explained by this statistical test. 
This problem is likely caused by both the small amount of data on well depth with even less 
corresponding data for some of the analytes that have gaps in the data. Another explanation for 
the negative adjusted R2 value is simply that depth does not explain the variation in the analyte 
concentrations.  The analytes that had negative adjusted R2 values were total nitrogen (nitrate 
+nitrite), selenium, strontium, barium, DOC, boron, calcium, iron, pH, and specific conductivity. 
In this section the analytes will be grouped based on whether they increased with depth, 
decreased, or are not explained by depth.	  
Analytes Increased with Depth	  
 The analyte concentrations that seem to increase with increasing depth are listed in 
Figure 27 below. These plots show that 29% of the variation in alkalinity (A) found in 
groundwater is explained by increasing depth, as well as 40% of the variation in chloride (B), 
23% of the variation in fluoride (C), 26% of the variation in magnesium (D), 23% of the 
variation of the nitrate (E), and 42% of the variation in sodium concentrations (F) in groundwater 
are explained by increasing well depth. These plots are all associated with a significant p-value 
(<0.05), indicating that the relationship between these analytes and well depth is significant. 	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A. B.  	  
  C. D. 	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E. F. 	  
Figure 27: This encompasses plots A - F, which display analyte concentrations that increase with 
increasing well depth. The R2 value, generally between 0 and 1.0, shows how much of the variation seen 
in analyte concentrations is explained by increasing depth; if the value is close to 1.0 it means the line of 
best fit is a good representation of the relationship between the variables. All of these plots have 
significant p-values (<0.05).	  
	  
Analytes Decreased with Depth	  
 There was only one analyte concentration that seemed to decrease with increasing well 
depth listed below in Figure 28.  The figure shows that 38% of the variation in manganese 
concentrations is explained by increasing well depth. This analyte is also associated with a 
significant p-value (<0.05), indicating that the relationship between decreasing manganese 
concentrations and increasing well depth is significant.	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Figure 28: This plot shows how manganese concentrations seem to decrease with increasing well depth. 
The adjusted R2 value indicates that 38% of the variation in manganese concentrations is explained by 
increasing well depth, and there is a significant p-value (<0.05).	  	  
Not Explained by Depth	  
 The analyte concentrations that are not explained by increasing well depth are total 
nitrogen (nitrate +nitrite), selenium, strontium, barium, DOC, boron, calcium, iron, pH, and 
specific conductivity. Many of the R2 values are negative, which indicates that the data set is too 
small for this statistical test, or that well depth does not explain any variation in the analyte 
concentration; either situation is possible. Not only are the R2 values negative, but all the 
corresponding p-values are insignificant (>0.05) as well. Together these factors support that the 
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remaining analyte concentrations cannot be explained by well depth. Additional data between 
analyte concentrations and well depth would be necessary to examine these relationships further.	  
Discussion	  
 Here I will examine all of the analytes that were tested for in my sampling campaign in 
2014. I will be comparing the overall average of the combined water types, and the minimum 
and maximum values found in the valley to any recommended limits set by the EPA or CDPHE 
found in Table 2. I will also discuss how each analyte may or may not be correlated to oil and 
gas development when applicable, for future comparisons. This will cover seven main sections 
including BTEX, methane, general water quality parameters, major ions, sodium-absorption 
ratio, metals, and depth.	  
BTEX 
All concentrations of BTEX were below the detection limit of the lab. The presence of 
these compounds can be an indicator of oil and gas development where they are found in 
produced water, hydrocarbons, and they may be added to fracturing fluids (Kroepsch and 
Williams 2014). BETX includes: benzene, toluene, ethylbenzene, and xylene. These are 
considered volatile organic compounds, or chemicals that can easily change to the gas phase. 
They are found naturally in geologic formations such as shale and are also present in some 
solvents (household and industrial), fuel oil, and gasoline (Kroepsch and Williams 2014). Each 
one is discussed in more depth below.	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Benzene is clear, colorless, and aromatic liquid that is highly flammable (US EPA 
2015b). It is formed through natural processes, as well as industrial processes as an ingredient in 
plastics and synthetic fabrics. The maximum contaminant level (MCL) for benzene is currently 
0.005 mg/L (Table 2). If exceed over time it could lead to anemia, and a potential for increased 
cancer risk (US EPA 2015b). Similarly, toluene is a clear colorless liquid, but it has a slightly 
higher MCL of 1.0 mg/L (Table 2). If this level is exceeded over many years it may cause 
nervous system, kidney, or liver problems (US EPA 2015b). Next ethylbenzene is another 
colorless liquid, but this compound has a sweet gasoline-like odor (US EPA 2015b). This has 
similar industrial uses to the previous compounds, and has an MCL of 0.7 mg/L (Table 2). If this 
limit is exceeded over many years it can have similar health impacts as toluene on the liver, 
kidney, and nervous system. Finally, there is xylene, which is generally used as a solvent as a 
safer alternative to benzene (US EPA 2015b). Xylene has the highest MCL of 10.0 mg/L (Table 
2), but  can still cause negative health impacts on the nervous system like the others over a 
period of many years. These MCLs, set forth by the EPA’s National Primary Drinking Water 
Standards (NPDWS), can be seen below in Figure 28 compared to the detection limit of the lab. 
The minimum detection limits for BTEX are 0.00025, 0.0008, 0.00031, and 0.00089 (mg/L) 
respectively, which are very low.	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Figure 28: This image shows the comparison between the detection limit of the lab as the red line, and 
the National Primary Drinking Water Standards as the blue line for BTEX compounds. The y-axis shows 
the concentration in mg/L, but note that each one has a slightly different scale. The values below the 
legend represent the corresponding concentrations (mg/L) of each line. The detection limits are very low 
compared to the NPDWS.	  	  
Since the BTEX compounds have the potential for negative health impacts, and can be 
associated with oil and gas development, it is crucial to continue testing water for these VOCs 
after development is established. Given that there have been no detections throughout the entire 
data set, this seems to loosely support my hypothesis that the aquifers are not in contact with any 
gas bearing formations where BTEX might be naturally occurring, and they are not currently 
being impacted by energy development activities; however, it is important to note that BTEX are 
only a few of the VOCs that could be seen in association with oil and gas development, and this 
study is has a relatively small sample size making it difficult to support this claim. If these 
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concentrations increase after energy development becomes established in the area, it could be an 
indication of a potential issue. 	  
Methane 
As discussed previously in the literature review, methane is a controversial indicator of 
contamination from natural gas development. It is also important to note that there is existing 
methane concentrations found within this baseline study. The overall average concentration of 
methane within the watershed was 0.264 ±0.945 (mg/L), with a minimum value of 0.00044 and a 
maximum value of 4.26 (mg/L). The majority of the values were very low, near the detection 
limit of 0.0004 (mg/L). Since it is not hazardous to human health, the EPA has not set an MCL 
for methane; however, the US Department of Interior suggests venting wells that have a 
concentration higher than 10.0 mg/L to mitigate explosion hazards (Kroepsch and Williams 
2014). This study did not look at the isotopic signatures of methane, so it is unknown whether 
the sources in the North Fork Valley are biogenic, thermogenic, or mixed. Additional testing for 
these stable isotopes could strengthen the water quality baseline in the area and provide 
additional information on the naturally occurring sources of methane. 	  	  
General Water Quality Parameters 
As previously stated, the general water quality parameters are alkalinity, pH, specific 
conductivity, and DOC. The first of these parameters to be discussed is alkalinity, which can be 
influenced by the local geology and the dissolution of carbon dioxide (Wilson 2013). The EPA 
classifications for water hardness based on calcium carbonate equivalent in mg/L are as listed: 
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soft (<75), moderately hard (75-150), hard (150-300), very hard (>300) (Wilson 2013). Based on 
this scale the average water found in the North Fork is hard, but it can vary greatly from 
moderately hard to very hard, with a few instances of soft water. This disparity may be the result 
of differences in local geology throughout the area. The presence of Mancos shale in the valley, 
as described by Figure 1 and Table 1, explains that limestone is present along the surface 
geology of the watershed. Given that limestone contains calcium carbonate, dissolution of this 
formation may explain why the water in the North Fork is generally hard. 	  
The alkalinity can also be an important factor when determining if the water is suitable 
for irrigation and its ability to mix with pesticides (Wilson 2013). Given that there is an 
extensive farming community in Delta County, monitoring the water quality for changes in this 
parameter might be beneficial for their agricultural industry. The hardness of water can also 
reduce the effectiveness of cleaning with soap and affect household plumbing (Kroepsch and 
Williams 2014; Wilson 2013). Checking the alkalinity could be beneficial for domestic purposes 
as well, which can be managed using a water softener. The EPA and the CDPHE do not regulate 
alkalinity, but the recommended range for drinking water in other states is 30-400 mg/L. The 
range of concentrations seen in the North Fork varies from 22.1 to 460 (mg/L), which generally 
falls into this recommended range. Since the water in the valley has high alkalinity, it should 
have a fairly large acid-neutralizing capacity, allowing it to be buffered against changes in pH.	  
The pH found throughout the basin indicates that the groundwater and springs are 
generally neutral, and the surface water can be slightly basic. There was an overall average for 
the watershed of 7.66 ±0.6 with a minimum of 6.2 in groundwater and a maximum of 8.7 in 
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surface water. The surface water was found to be significantly different from groundwater (p-
value<<0.05) as well as springs (p-value<<0.05). This contrast suggests that the surface waters 
may have an alternate source or be in contact with different geology than springs and 
groundwater. Changes towards a decreasing pH can be indicative of the presence of acids used in 
fracturing fluids (Kroepsch and Williams 2014). As stated before, these waters seem to have a 
fairly large buffering capacity, so any large changes towards a low pH after energy development 
could be an indication of an issue surrounding their activities. It is important to note that a pH 
lower than 6.5 or higher than 8.5 could be damaging to certain types of household plumbing. 
Although, the pH of most natural waters varies between 6 and 9 due to bicarbonate buffering 
(Wilson 2013), and the NPDWS is 6.5 to 8.5 (Kroepsch and Williams 2014). The waters of the 
North Fork seem to fall within the natural range. Since the pH is important for human health and 
stream ecosystems the River Watch monitoring program in the area should continued to monitor 
the surface waters for any future changes.	  
The specific conductivity can be an indicator of the salinity of the water, and should be 
within the range of 50-1,500 (µS/cm) as an estimate for drinking water (Kroepsch and Williams 
2014). The values found in the valley generally fell within this recommended range, with an 
overall average of 368 ±467 (µS/cm), a minimum of 0.1 and a maximum of 2,670 (µS/cm). The 
maximum conductivity and a few additional outliers were all found in groundwater samples.  
The specific conductivity can be affected by many land uses, and it can be an inexpensive 
indicator of changes, but it is not always conclusive. For instance, it may be an indication that 
produced water or formation brine, which are both high in salts, may be communicating with the 
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aquifer via a seepage or spill (Kroepsch and Williams 2014), although further testing would be 
needed to determine the true source of increased conductance. There were a few high sodium 
concentrations found throughout the watershed that may explain some of the high conductivity 
values. When monitoring the water quality in the future is important to keep in mind that high 
specific conductivity can be present in groundwater samples within the valley.	  	  
Dissolved organic carbon covers a very broad range of molecules. The average value 
found for the overall watershed was 3.03 ±5.06 (mg/L), with a minimum of 0.5 and a maximum 
of 21.7 (mg/L). Since oil and gas are extracted from rock formations containing large amounts of 
organic carbon, high DOC levels can be an indicator of water communication with these 
formations (Kroepsch and Williams 2014); however, DOC can also be attributed to septic or 
fertilizer leakage. In surface waters, DOC serves as the primary food source in aquatic food 
webs, and can come from atmospheric deposition, allochthonous material (outside the system), 
or it can be autochthonous material (within the system) like soils, microbes, and plant matter 
(Bruckner 2015). The high value of 21.7 (mg/L) found in this study could be due to microbial 
activity, a seepage of agricultural fertilizer or septic leakage since many people in this area have 
farms, gardens, and leach fields. All of these sources contain high amounts of organic carbon 
molecules so it is important to look at all possible sources of contamination if there is an increase 
in the future. DOC was only tested for in 2014 so the baseline could be strengthened with 
additional testing.	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Major Ions 
 Since calcium is a common ion found in water it is no surprise that there are relatively 
high values of calcium seen in the North Fork Valley watershed. It is a product of the 
communication between groundwater and limestone formations, and it is a contributor to water 
hardness (Kroepsch and Williams 2014). Limestone is most likely found in areas of the valley 
where Mancos Shale is present, which often contains calcium carbonate (Table 1). This 
coincides with the high alkalinity, and typically hard water found in the valley. Even though 
calcium is not regulated in drinking water, it is important to note a baseline for all major ions 
since many listed below are tied to the presence/absence of each other (Kroepsch and Williams 
2014). The overall average of calcium concentrations found in the area is 52.5 ±65.3 (mg/L), 
with a minimum value of 0.4 and a maximum of 490.0 (mg/L). A range of different geology 
present in the area could be the cause of this disparity in concentrations. Comparing the same 
sites over time may help monitor areas that have typically low and high concentrations as well as 
the overall picture. The next major ion tested for was magnesium.	  
 Like calcium, magnesium is also a common ion that contributes to water hardness. Again, 
Mancos Shale is observed in the region, which not only contains limestone made up of calcium 
carbonate, but also dolomite (Table 1). Dolomite is a likely source of natural magnesium in the 
area. This can be further mobilized by fracturing and drilling processes (Kroepsch and Williams 
2014), so it is important to monitor this ion for any changes over time. Even though the EPA or 
CDPHE does not monitor it, changes in the hardness of water are important for agricultural and 
household uses (Wilson 2013). The average concentrations expected in this area for magnesium 
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are 22.5 ±29.6 (mg/L), with a wide range of values including a minimum of 2.1 and a maximum 
of 168.0 (mg/L). Again, this broad array of concentrations may be explained by differing 
geology throughout the watershed, so it will also be important to have future studies compare 
specific sites over time that have both high and low values in order to monitor changes.	  
 Chloride is another common ion found in groundwater, but it can also be increased by 
human activities. Since this area is relatively rural, there may be application of road salt, which 
can be a large contributor to chloride in the water, as well as fertilizers or sewage (Kroepsch and 
Williams 2014). Since the water table is relatively shallow in many of these domestic wells, the 
possible contributors listed above could infiltrate into the groundwater or runoff into surface 
waters. This may be an explanation for some of the high, outlying chloride concentrations found 
in the valley. It is important to note from the literature review that chloride can be associated 
with most produced waters. If these values increase later on, it could be associated with a surface 
spill, seepage from casings, or hydrologic communication between geologic zones (Kroepsch 
and Williams 2014). The MCL for chloride in drinking water is 250 (mg/L). Since the average 
for the basin overall was 6.8 ±11.33 (mg/L), and the maximum value found was 67.9 (mg/L), the 
water in Delta County is well under the recommended limit. These low values further support my 
hypothesis that the aquifer is not currently interacting with oil and gas bearing formations, or 
being impacted by energy development. Thus, chloride is an important parameter to continue 
monitoring after oil and gas development has begun.	  
 The fluoride ion is also common in groundwater, where it naturally leaches from bedrock 
formations. Even though this ion was not always tested for throughout the study, it can be 
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mobilized from bedrock by the drilling and fracturing processes so it is important to estimate a 
baseline range in the area (Kroepsch and Williams 2014). The National Secondary Drinking 
Water Standard and CDPHE  have a recommend a limit of 4.0 (mg/L) for fluoride. Since the 
average for the valley was found to be 0.409 ±0.26 (mg/L), with a maximum value of 1.0 
(mg/L), the current amounts are well below the recommended limit, and likely occurring from 
local geology. These low concentrations support my hypothesis that the aquifer is not currently 
interacting with oil and gas bearing formations, or being impacted by energy development. It 
would be important to strengthen this part of the baseline with additional testing.	  
 Another common ion in natural waters is potassium. While this is not regulated for 
drinking water quality, it can be found in produced waters related to oil and gas development 
(Kroepsch and Williams 2014). This is an important reason to monitor any changes in this ion 
over time, because it could indicate a seepage or spill of produced waters, or communication 
between geologic zones. The average for the overall basin was 3,712 ±4,643 (µg/L), with a range 
including a minimum of 500 and a maximum of 25,000 (µg/L). This extremely wide range in 
potassium concentrations will be important to note if the water quality is monitored in the future. 
Comparison of the same sites over time will help detect any changes over time for areas that 
have both high and low concentrations.	  
 Sodium is another common ion found in water. This study found the overall average in 
the basin to be 27.8 ±38.1 (mg/L), with a minimum of 1.4 and a maximum of 220.0 (mg/L). 
Even though this ion is not regulated in drinking water, there is an informal recommended limit 
of 20 (mg/L) for people on a low sodium diet (Table 2), which is exceeded in many of the 
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samples; this can be reduced through various treatment options. It was found that 42% of the 
variation in sodium concentrations was explained by increasing well depth, so many of these 
high concentrations may be present in deeper drinking water wells. Sodium ions can often form 
compounds with chloride or bicarbonate, which can be commonly found in produced water, 
especially from coalbed methane (Kroepsch and Williams 2014). Monitoring changes in the 
sodium concentrations could be an indicator of a spill or seepage of produced water, or 
hydrologic communication. Increases in this ion after development could be an indication of 
impacts caused by energy development, but it is important to note all possible sources of 
contamination. This ion is important for the sodium-adsorption ratio discussed later.	  	  
 The sulfate ion had many high concentrations found throughout the groundwater wells 
and a few of the springs and surface water sites. The baseline of the overall average found within 
the watershed was 88.7 ±233.3 (mg/L), but has a wide range with a minimum of 1.2 and a 
maximum concentration of 1,400 (mg/L). While it is commonly found in water when it leaches 
from shale deposits, it can also be associated with many other sources. Sulfate is also associated 
with byproducts of coal mining, industrial wastes, sewage, and bacterial processes(Kroepsch and 
Williams 2014).  Two possible explanations for high sulfate levels could be the presence of coal 
mining and the presence of bacteria in domestic wells. The NPDWS for sulfate is 250 mg/L 
(Table 2), which is exceeded in seven of the samples looked at by this study. According to the 
EPA, the MCL of 250 (mg/L) is mostly for aesthetic purposes regarding the taste and odor of 
drinking water, but sulfate can act as a laxative and cause diarrhea in certain individuals; this 
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problem can be mitigated through various treatment options. The concentrations of sulfate 
should continue to be monitored over time, and it may be useful to determine the possible 
sources of the outlying values.	  
 The final ion discussed in this section will be total nitrogen. This study tested for nitrogen 
as nitrate and/or nitrite. This is an important ion to look at within the baseline since it is a major 
constituent of fertilizer and there is an avid farming community in the North Fork. It can cause 
eutrophication in aquatic systems that may negatively impact the health of the river ecosystem. 
In addition to the environmental impacts, high nitrogen concentrations in drinking water can also 
be harmful to infants (Kroepsch and Williams 2014).  While, it is not generally associated with 
oil and gas development, its presence could help differentiate between contamination sources 
from agriculture versus oil and gas. It often comes from fertilizer, liquid waste from septic tanks, 
and some geologic deposits (Kroepsch and Williams 2014). The overall average found within the 
watershed was 0.382 ±0.61 (mg/L), with a minimum of 0.007 and a maximum value of 2.5 
(mg/L). The higher outlying values could be an indication of potential source of local 
contamination. Since there is a high concentration of agriculture in the area and an unconfined 
aquifer with a relatively shallow water table, fertilizers could potentially infiltrate into the 
groundwater. The primary drinking water standard for total nitrogen is 10 (mg/L), so the water is 
still well below these levels (Table 2). This will be important to monitor over time in order to 
help distinguish between potential sources of contamination.	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Sodium-Adsorption Ratio 
 The sodium-adsorption ratio (SAR) is a representation of how much sodium is present 
compared to the concentrations of calcium and magnesium. The results for this study show an 
overall average value of 0.69 ±0.66 [1], with a minimum of 0 and a maximum of 3.4 [1]; the 
maximum SAR is associated with a site that had the highest specific conductivity. The values are 
generally very low indicating that the water in the valley generally has a high alkalinity and low 
sodium content. If this value increases it could be an indication of formation brine entering the 
water system resulting in a large influx of sodium ions. The low SAR values further supports my 
hypothesis that the aquifer is not in contact with oil and gas bearing formations or being 
impacted by aspects of energy development at this time.	  	  
Metals 
 Metals are also an important indicator for oil and gas development, so their detection is 
important in order to establish a baseline for the North Fork Valley. As discussed in the results, 
some metals were left out due to the lack of detection by the lab or gaps in the data. Even though 
they were not detected, it is important to discuss the potential for them to appear as a result of 
energy development activities.	  
 The first metal to be discussed is arsenic, which was not detected throughout the valley, 
but it is highly poisonous in quantities above 0.010 mg/L according to the National Primary 
Drinking Water Standard. It can naturally leach into groundwater from granite, or arrive as 
runoff from orchards (Kroepsch and Williams 2014). In the case of oil and gas development, 
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arsenic can be occasionally found in fracturing fluids within biocides (Kroepsch and Williams 
2014). It is important to note all of the potential sources of contamination if arsenic levels 
change.	  
 Another metal that was not found within the valley at this point in time was chromium. 
This can be naturally occurring in igneous rock, which is not present in the surface geology 
where samples were taken for this study (Figure 1, Table 1); however, chromium can be found in 
drilling waste (Kroepsch and Williams 2014). The fact that it is not present in any samples over 
time further supports my hypothesis that the aquifers are not currently interacting with oil and 
gas bearing formations, or being impacted by other aspects of the energy development. This 
could be an indication of potential surface contamination from drilling waste if it is detected.	  
The next two metals discussed, lead and copper, were found together in only two of the 
past groundwater samples in 2010 and 2013. These domestic wells were also associated with 
other high outlying values and even maximum concentrations values of other analytes in the 
study. The sample in 2010 was collected by the COGCC, which had a complaint associated with 
it. This sample had the highest conductivity and highest concentrations of sulfate, alkalinity, 
calcium, and strontium. Lead and copper will each be discussed below.	  
Lead is hazardous to health and a known neurotoxin. It was popularly used in paint, 
plumbing, and other products in the past. While most of these household items have been 
replaced it is important to note that it is naturally occurring in certain geologic formations, 
including shale, which could be mobilized during the fracturing or drilling processes used today 
(Kroepsch and Williams 2014). In Colorado, the human health standard is 0.05 (mg/L). The 
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levels detected here were 0.008 and 0.002 (mg/L), which are both below the recommended limit. 
Lead in drinking water is an important metal to monitor overtime due the potential health risks 
associated with it. 	  
Copper is generally low in groundwater, but it may be introduced into water by various 
human activities. These including: mining, farming, industrial wastewater, and corrosion of 
household plumbing (Kroepsch and Williams 2014). It could also be introduced due to drilling or 
fracturing, causing mobilization of copper from geologic formations (Kroepsch and Williams 
2014). The Colorado drinking water standard is 1.0 (mg/L), and the levels detected here were 
0.018 and 0.014 (mg/L), which is below the recommended limit. It is important to consider all 
potential sources of contamination if copper concentrations increase. 	  
 Barium is naturally occurring within ores, but it can be introduced into water in a number 
of ways. It can be released with certain industrial discharge, and it is a component of drilling 
mud that is directly released into the ground (US EPA 2015c; Kroepsch and Williams 2014). The 
NSDWS (Table 2) is 2.0 mg/L, and the average values found in the valley are 0.096 ±0.082 
(mg/L), with a minimum value of 0.020 and a maximum value of 0.36 (mg/L). Thus, the water 
tested in this study is under the recommended limit. If barium is consumed in drinking water 
above the MCL, over a long period of time, there could be negative health implications (US EPA 
2015c). The low concentrations found further support my hypothesis that the aquifer is not 
currently interacting with oil and gas bearing formations or being impacted by energy 
development. 	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 Boron is naturally occurring as borates, which can dissolve in water and be adsorbed onto 
soil particles. Even though the EPA does not regulate it, it is regulated in Colorado for 
agriculture standards (Table 2) with a recommended limit of 0.75 (mg/L). Since the overall 
average in the valley was 0.064 ±0.056 (mg/L), with a minimum value of 0 and a maximum 
value of 0.21 (mg/L), the amount of boron in the water is under the recommended limit for 
agriculture. It can be found in some fracturing fluids (Kroepsch and Williams 2014), so increases 
in boron concentrations could be an indication of a spill or hydrologic communication with 
groundwater. Since this sample size is small, the baseline could be strengthened with additional 
testing.	  
 Iron is naturally occurring in groundwater but can also be introduced by sewage, leaching 
from plumbing systems, industrial wastewater, acid-mine drainage, or iron bacteria (Kroepsch 
and Williams 2014). While iron is not a risk to human health, it can impact the aesthetics of the 
water, causing stains on household fixtures, and lead to scaling inside plumbing (US EPA 
2015d); also the iron bacteria are not harmful to human health, but can be damaging to water 
systems (Kroepsch and Williams 2014). High levels of iron in drinking water may be treated in 
order to avoid further expenses in household maintenance, or to improve the aesthetic qualities 
of the water. Thus, there is a secondary standard for iron in drinking water of 0.3 mg/L (Table 2). 
Looking at the overall averages for this area 0.70 ±1.35 (mg/L), with a minimum value of 0.005 
and a maximum value of 9.3 (mg/L), this secondary standard is exceeded in some cases. Iron 
bacteria in wells that need routine maintenance could be the cause of these high concentrations. 
However, iron can be mobilized if it is contained in formations that are subject to drilling and 
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fracturing processes (Kroepsch and Williams 2014), so it is important to continue to monitor 
changes in iron concentrations. 	  
Manganese can be naturally occurring in groundwater from geologic weathering, as well 
as being associated with bacteria like sulfur and iron (Kroepsch and Williams 2014). Manganese 
concentrations above the NSDWS can cause black staining and a bitter metallic taste, but are not 
harmful to the body (US EPA 2015d). This secondary level in drinking water is 0.05 mg/L 
(Table 2) and the overall average concentration for manganese was found to be 0.008 ±0.008 
(mg/L), with a minimum value of 0 and a maximum level of 0.031 (mg/L), which is below the 
recommended limit.  It is important to note that like iron, manganese can also be mobilized from 
local geology by fracturing and drilling processes (Kroepsch and Williams 2014). It is important 
to consider all of the potential sources of contamination if manganese concentrations increase.	  
 Selenium is commonly found in Colorado; in fact, the Mancos Shale within the study 
area (Figure 1, Table 1), has been associated with high selenium levels especially, in surface 
waters (Sares et al. 2000). This metal is of concern for human health; if the concentration is 
above the MCL for a long period of time selenium can lead to hair and fingernail loss, and also 
circulation problems leading to numbness in fingers and toes (US EPA 2015b). The NPDWS for 
selenium is 0.05 mg/L (Table 2), and the overall averages for the watershed was found to be 
0.0087 ±0.0082 (mg/L), with a minimum value of 0 and a maximum value of 0.031 (mg/L), 
which is below the recommended limit. It is important to note that selenium can also be 
introduced as discharge from mines, petroleum refineries, or be mobilized from formations by 
fracturing and drilling processes (Kroepsch and Williams 2014); thus, this metal should continue 
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to be monitored over time while considering all of the potential contamination sources if an 
increase is seen as well as, monitoring the concentrations to protect human health.  	  
The final metal to be discussed is strontium.  It can be naturally occurring in water if 
certain formations that are high in strontium minerals are present. The EPA does not currently 
regulate it, but they are trying to change that as of October 2014 (US EPA 2015a). It has been 
found to replace calcium in bone, which could affect all life stages, but especially young people 
who are still undergoing development. Until a maximum contaminant level is created by the 
EPA it is important to note the overall average for the watershed for strontium was 0.64 ±0.51 
(mg/L), with a minimum value of 0.092 and a maximum value of 2.4 (mg/L). This information 
could be increasingly useful if future regulations are imposed. 	  
Depth 
 The comparison with depth could be strengthened with additional data. For many of the 
analytes, the relationship between concentrations and increasing well depth produced and output 
with a negative adjusted R2 value and insignificant p-values as previously discussed. This could 
mean that many of the analyte concentrations have no relationship with well depth, or more 
likely explained by a data set that is too small. That being said there were a few analytes that had 
significant p-values and relatively high, adjusted R2 values. 	  
 Of these analytes it seems as though the following have a relationship between increasing 
concentrations and increasing well depth. These analytes are alkalinity, chloride, fluoride, 
magnesium, nitrate, and sodium. As stated previously in the results it seems as though 29%, 
40%, 23%, 26%, 23%, and 42% respectively, of the variation seen in each of these analytes is 
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explained by increasing well depth. The strongest correlation seen is between chloride and 
sodium, both with ~40% of their variation being explained by depth. These similar 
concentrations could be explained by the fact that sodium and chloride ions are often associated 
together, and are likely influenced by the presence or absence of the other. The remaining values 
are in the range of 20-30% explained variation by increasing well depth. Some of these ions may 
also be moving together such as magnesium and alkalinity, but a corollary analysis would need 
to be done to support these claim. While all of these concentrations seem to increase with 
increasing depth, there was one analyte that seemed to decrease with depth. This analyte was 
manganese, with ~38% of its variation being explained by increasing well depth. This could be 
explained by the fact that high manganese concentrations may be associated with bacterial 
activity that generally occur higher within the water column where conditions for bacteria or 
microbes may be more favorable; hence decreasing concentration with  increasing depth. 
Another possible explanation for the analytes listed above is the fact that many of them are 
naturally leaching from local geology, which may be present in a shallow formation or deep 
formation. The location of these various formations within the aquifer could be influencing these 
concentration gradients. These relationships should be reevaluated when more well depth 
information is available, along with greater information on the stratigraphy in the area instead of 
just surface geology.	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Conclusions	  
The water quality of the North Fork Valley is generally found to be under the National 
Primary and Secondary Drinking Water Standards. They typically have hard water, which is due 
to high alkalinity found throughout the valley. The high alkalinity coincides with the high 
concentrations of calcium and magnesium found in the valley due to local geology. There were 
generally low sodium concentrations found throughout the valley, and when combined with high 
calcium and magnesium, produced low sodium-adsorption ratios. The high outlying sodium 
concentrations corresponded to relatively high specific conductivity seen throughout the valley, 
and generally fell within the typical range for drinking water. The pH found in groundwater and 
springs was neutral and surface waters were slightly basic. These values also coincide with high 
alkalinity seen throughout the valley that give the waters a high acid-neutralizing capacity. The 
concentrations of DOC were low in the valley, except for one high value of 21.7 mg/L, which 
could be due to fertilizers or sewage. 	  
No major ions or metals were above the MCLs set forth by the National Primary 
Drinking Water Standards of the EPA. Some values such as sodium were above the informal 
limits, but these could be easily mitigated by various treatment systems before used as drinking 
water or household uses, which are the responsibility of the well owner. There are some analytes 
that exceed the National Secondary Drinking Water Standards that may affect the aesthetics of 
the water quality like iron, but weren’t exceeded for fluoride or manganese. High values of iron, 
manganese, and sulfate could be associated with some nuisance bacteria. This is not hazardous to 
human health, and can generally be avoided with proper well maintenance. 	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As for volatile organic compounds found throughout the valley, the results were 
generally low or not detected. There were no BTEX concentrations found in any samples, which 
can be indicative of produced water or mobilized hydrocarbons from gas bearing formations. 
These compounds are also associated with negative human health impacts, so it will be important 
to monitor the water for future changes in these concentrations. The methane concentrations 
were generally low with levels near the minimum detection limit, which seem to be typical for 
the valley; the homeowner should further investigate the large outlying value of methane. A 
stable isotope analysis of the present methane found throughout the valley would be an important 
step in strengthening the baseline in order to determine if the naturally occurring methane is 
biogenic, thermogenic, or mixed. 	  
Overall my hypothesis that the aquifers are not interacting with oil and gas bearing 
formations was supported throughout the study. By using all of the information available, this is 
the best representation of  a water quality baseline in regards to the 26 analytes tested throughout 
the North Fork of the Gunnison River Valley. Hopefully, this will be a useful tool for the 
communities of the North Fork, who now have a means to monitor and protect their water 
quality in the future. There are a few recommendations listed below that may help strengthen the 
baseline. 	  
Recommendations	  
In the North Fork Valley, additional sampling could strengthen the baseline. If possible, 
future studies should look for any seasonal changes in water quality before and after snow melt 
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has occurred, and compare specific sites over time. A stable isotope analysis could provide more 
information on the sources of methane present in the valley. Finally, additional information on 
well depths, and stratigraphy in the area could help explain outlying concentrations seen 
throughout the baseline. 	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